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Referat:
Zellmembranen sind hochspezialisierte Mehrkomponentenlegierungen, welche sowohl die
Zelle selbst als auch ihre Organellen umgeben. Sie spielen eine entscheidende Rolle bei
vielen biologisch relevanten Prozessen wie die Signaltransduktion und die Zellbewegung.
Aus diesem Grund ist eine genaue Charakterisierung ihrer Eigenschaften der Schlüssel
zum Verständnis der Bausteine des Lebens sowie ihrer Erkrankungen. Besonders Krebs
steht im engen Zusammenhang mit Veränderungen der biomechanischen Eigenschaften
vom Gewebe, Zellen und ihren Organellen. Während Veränderungen des Zytoskeletts
von Krebszellen im Fokus vieler Biophysiker stehen, ist die Bedeutung der Biomechanik
von Zellmembran weitgehend unklar. Zellmembranen faszinieren Wissenschaftler jedoch
nicht nur wegen ihrer biomechanischen Eigenschaften. Sie sind auch Beispiele für eine
selbstorganisierte und heterogene Landschaft, in der Prozesse fernab des Gleichgewichtes,
wie z.B. räumliche und zeitliche Musterbildungen, auftreten. Die vorgelegte Dissertation
untersucht erstmals umfassend die zentrale Rolle der Zellmembran und ihrer molekularen
Architektur für die Signalübertragung, die Biomechanik und die Zellmigration. Hierfür
werden einfache Modellmembranen aber auch komplexere Vesikel und ganze Zellen
mittels etablierter physikalischer Methoden analysiert. Diese reichen von Fourier-
Analysen zur Charakterisierung von thermisch angeregten Membranundulationen über
Massenspektrometrie und ‘Optical Stretcher’ Messungen von ganzen Zellen bis hin
zur Filmwaagentechnik. Des Weiteren wird ein Modellsystem vorgestellt, welches
sowohl einen experimentellen als auch einen mathematischen Zugang zum ‘ME-switch’
ermöglicht. Die vorgelegte Dissertation bietet neue Einblicke in wichtige Funktionen







2.1 The Cell Membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Lipids in Cell Membranes . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Membrane Proteins . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.3 An Overview on Membrane Models . . . . . . . . . . . . . . . . 10
2.1.4 Lipid Rafts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Model Membranes – An Experimental Access to Cell Membranes . . . 12
2.2.1 Surface Tension and Thermodynamic Equilibrium . . . . . . . . 12
2.2.2 Langmuir Monolayer . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.3 The Polymorphism of Langmuir Monolayers . . . . . . . . . . . 15
2.2.4 Membrane Vesicles . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Biological Membranes as Semiflexible Shells . . . . . . . . . . . . . . . 20
2.3.1 Elasticity of Soft Shells . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2 Helfrichs Theory About Bending Deformations . . . . . . . . . . 22
2.3.3 Membrane Undulation . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Membranes in Cell Signaling . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.1 Signal Transduction Fundamentals . . . . . . . . . . . . . . . . 24
2.4.2 Phosphoinositides . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.3 Phosphatidylinositol Signaling Pathway . . . . . . . . . . . . . . 25
2.4.4 The Myristoyl-Electrostatic Switch . . . . . . . . . . . . . . . . 26
2.5 Reaction-Diffusion Systems . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5.1 Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5.2 Michaelis-Menten Kinetics . . . . . . . . . . . . . . . . . . . . . 28
2.5.3 Reaction-Diffusion Systems . . . . . . . . . . . . . . . . . . . . 30
iii
Contents
3 Methods, Materials and Theory 31
3.1 Optical Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1.1 Fluorescence Microscopy . . . . . . . . . . . . . . . . . . . . . . 31
3.1.2 Phase Contrast Microscopy . . . . . . . . . . . . . . . . . . . . 33
3.2 Cell Culture and GPMV Formation . . . . . . . . . . . . . . . . . . . . 35
3.2.1 Tumor Dissociation and Cell Culturing of Primary Cells . . . . 35
3.2.2 Cell Lines and Cell Culturing . . . . . . . . . . . . . . . . . . . 37
3.2.3 Preparation of Giant Plasma Membrane Vesicles . . . . . . . . . 38
3.3 Optical Stretcher . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4 Fourier Analysis of Thermally Excited Membrane Fluctuations . . . . . 43
3.4.1 The Quasi-Spherical Model – Membrane Fluctuations . . . . . . 43
3.4.2 Determination of the Bending Rigidity . . . . . . . . . . . . . . 45
3.5 Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.5.1 MALDI-TOF Mass Spectrometry . . . . . . . . . . . . . . . . . 49
3.5.2 ESI Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . 50
3.6 Migration, Invasion and Cell Death Assays . . . . . . . . . . . . . . . . 52
3.7 Langmuir-Blodgett Technique . . . . . . . . . . . . . . . . . . . . . . . 53
3.7.1 Langmuir Troughs and Film Balances . . . . . . . . . . . . . . . 53
3.7.2 Experimental Setup and Monolayer Preperation . . . . . . . . . 55
3.7.3 Phospholipids, Dyes and Buffer Solutions . . . . . . . . . . . . . 57
4 Fluctuations in Cell Membranes 59
4.1 Cell Membrane Softening in Human Breast and Cervical Cancer Cells . 59
4.1.1 Bending Rigidity of Human Beast and Cervical Cell Membranes 60
4.1.2 MALDI-TOF Analysis of Lipid Composition . . . . . . . . . . . 62
4.1.3 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . 62
4.2 Targeting of Membrane Rigidity – Implications on Migration . . . . . . 65
4.2.1 ESI Tandem Analysis of Lipid Composition . . . . . . . . . . . 65
4.2.2 Biomechanical Behavior of Whole Cells and Membranes . . . . . 68
4.2.3 Migration and Invasion Behavior . . . . . . . . . . . . . . . . . 72
4.2.4 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . 72
iv
Contents
5 Oscillations in Cell Membranes 77
5.1 Mimicking the ME-switch . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.1.1 DPPC/PIP2 monolayers at the presence of MARCKS . . . . . . 78
5.1.2 Lateral organization of PIP2 in DPPC/PIP2 monolayers . . . . 79
5.1.3 Translocation of MARCKS . . . . . . . . . . . . . . . . . . . . . 80
5.1.4 Phosphorylation of MARCKS by PKC . . . . . . . . . . . . . . 82
5.1.5 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . 83
5.2 Dynamic Membrane Structure Induces Temporal Pattern Formation . . 85
5.2.1 Mechanism of the Oscillation . . . . . . . . . . . . . . . . . . . 86
5.2.2 Modeling the ME-switch . . . . . . . . . . . . . . . . . . . . . . 87
5.2.3 Time Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.4 Phase Diagrams and Open Systems . . . . . . . . . . . . . . . . 91
5.2.5 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . 92
6 Conclusion and Outlook 95
Appendix 99
Bibliography 105
List of Figures 131





Plasma membranes are highly organized and vital structures for the proper functioning
of all living systems. They are formed by various lipids and proteins dispersed in a
bilayer structure [1]. The cellular plasma membrane not only acts as a barrier to its
outside world, but is also a cell organelle connected with cell signaling, cell motility, and
cellular adhesion [2, 3]. Plasma membranes further play an important role in anchoring
the cytoskeleton and in attaching cells to the extracellular matrix and other cells, in
order to group single cells together and form tissues [4]. Thus characterizing properties
of cells and their membranes is key to understanding the building blocks of life as well
as their pathologies [5–7]. In this context, scientists have mostly focused on specific
biochemical targets, whereas more general research, like the mechanical behavior, is still
an emerging field [8, 9].
Especially cancer is accompanied by alterations in biomechanical properties of tissues
and the cytoskeleton, controlling the phases of both development and homeostasis in
tumor progression [9]. The cellular cytoskeleton and the plasma membrane are major
factors contributing to the mechanical behavior of cells. While mechanical alterations of
the cytoskeleton in cancer cells have become a focus of the new and fast developing field of
physics of cancer [9–11], the significance of membrane rigidity has been underestimated,
even though plasma membranes are one of the first barriers of cancer cells that protrude
into the vascular wall in metastasis [12]. This disregard can be attributed to the difficult
experimental access to the rigidity of physiologically relevant membranes due to its
direct physical coupling with the dominating rigidity of the underlying cytoskeleton.
Only cellular blebs or giant plasma membrane vesicles (GPMV) are free of cortical
actin assembly [13], and thus allow a probing of the plasma membrane rigidity directly
decoupled from the cellular cytoskeleton. In contrast to biomimetic bilayer spheres,
GPMVs contain a wider variety of phospholipids and membrane proteins and are closer
to physiological relevant membranes on the cells themselves [14].
The presumption of causality between mechanical properties and the migratory
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potential of cells particularly applies to the migration strategy of invasive cancer cells,
in which amoeboid modes like membrane blebbing, and thus the underlying mechanical
properties of cellular membranes, play a fundamental role [15]. Based on these studies and
the fact that the phospholipid composition strongly influences the rigidity of synthetic
membranes [16, 17], one can presume a correlation between the state of malignancy of
cancer cells and the rigidity of their plasma membranes. It is arguable that alterations
at the interface, resulting from the mutual influence of the cell membrane, cell signaling
and cell motility, go hand in hand with alterations of the complete phenotype. This
connection is central in approaches like epithelial-mesenchymal transition (EMT) [18, 19].
Characterizing biological structures such as the plasma membrane through analytical
perspective rooted in biomechanics, offers new possibilities to provide information on
the metastasis capability of primary tumor cells [20].
Flicker spectroscopy of thermally excited membrane undulations has the potential
to investigate differences in bending rigidity between cancer cell membranes and non-
malignant counterparts [16, 21]. However, former experiments have been mostly restricted
to vesicles composed of binary or ternary lipid mixtures and red blood cells [16, 22, 23].
Besides alterations in the mechanical properties, cancer affects the lipid composition of
cells and their organelles. It was published that human cancer cells contain notably lower
amounts of sphingomyelin (SM) and higher amounts of saturated and monounsaturated
phospholipids than non-cancerous cells [24]. These molecular changes, also linked to
cell signaling can be considered as a distinguishing marker of cancer cells [5]. This
connection between composition and function opens the possibility of manipulating
physical characteristics of cellular membranes using potential anti cancer drugs such as
Soraphen A. This chemical substance was first identified as an antifungal compound
which inhibits one of the key enzymes in the fatty acid metabolism, the Acetyl-CoA
Carboxylase (ACC1) [25]. The enzyme catalyzes the adenosintriphosphat (ATP) driven
first step in fatty acid synthesis transforming acetyl-CoA in malonyl-CoA [26]. In former
publications it has been demonstrated that inhibition of ACC1 by Soraphen A interferes
with fatty acid elongation leading to an increased amount of polyunsaturated fatty
acid species in cancer cells and thus facilitates the possibility to reverse the lipogenic
phenotype in malignant cells [27]. It was further published that Soraphen A reduces
the content of mono-unsaturated and saturated acyl chains [28]. A further example for
distinguishing elements between cancer and healthy cells is protein kinase C (PKC).
It shows an increased activation in several types of cancer cells [29]. One substrate of
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PKC is the myrisroylated alanine-rich C-kinase substrate (MARCKS) protein which
acts as crossbridge between cytoskeleton and plasma membrane [30] and is related
to the regulation of cytoskeletal dynamics [31] as well as cell migration [32]. Chen
et al. further reported elevated levels of the protein in invasive cancer cells [33]. An
important function of MARCKS is to sequester the crucial signaling phospholipid and
second messenger phosphatidylinositol-4,5-bisphosphate (PIP2) to avoid its hydrolysis
[34]. PIP2 is one of the major players in diverse signaling pathways such as the
phosphatidylinositol-1,4,5-triphosphat (IP3)/diacylglycerol (DAG) pathway.
Cellular membranes intrigue scientists not only by their biomechanical properties.
They are also perfect examples of a self-organized and inhomogeneous lipid landscape,
where nonequilibrium processes, such as spatio-temporal patterns occur [35, 36]. These
processes are caused by an interplay between chemical reactions and diffusion, and are
fascinating features of biological systems, because they are assigned to regulate associated
processes [37, 38]. The phenomenon of reaction-diffusion systems (RDS) is exploited
by cell membranes in signaling [39]. However, the dynamics of information processing
through signaling pathways is not well understood. One important RDS is the regulating
binding and unbinding cycle of MARCKS (myristoyl-electrostaic switch (ME-switch))
that allows studying the impact of pattern formation on cell signaling [40]. The interplay
between PIP2, the protein MARCKS and PKC generates a cyclic translocation of the
protein in the membrane. Langmuir trough technique provides an experimental access for
studying these patterns in membranes. The limited number of constituents in Langmuir
monolayers further facilitates the development of mathematical models describing the
experiments. The mathematical description of the system enables a comparison with
experimental results.
In this thesis, the pivotal role of cellular membranes and their molecular architecture for
signaling, biomechanics and thus migration are studied. For this purpose, simple model
membranes such as monolayers but also more physiological GPMVs and whole cells were
analyzed using established biophysical methods. These ranged from flicker spectroscopy
characterizing thermally excited membrane undulations, to mass spectroscopy and
optical stretcher measurements of whole cells, up to Langmuir trough technique. Further,
a reduced model system describing the ME-switch and a novel mathematical model
which explains the experimental results will be introduced. This thesis provides new
insights on the essential functions of cell membranes and offers novel perspectives in




2.1 The Cell Membrane
In the evolution of life, biological membranes have formed closed reaction spaces and
protected living matter from the environment, which have dramatically increased the
efficiency of biochemical reactions [41]. The communication and controlled exchange
of matter between these individual semi- and selectively permeable compartments are
the basis of highly developed life today [1]. Cell membranes fulfill a variety of features
such as bordering the cell from the extracellular environment (plasma membrane) and
surrounding their organelles [4, 42].
Even though compartmentalization, protection and separation from the environment
are important functions, the significance of cell membranes goes far beyond. In recent
decades, scientists have found out that cell membranes are involved in several cellular
processes. They anchor the cytoskeleton to shape the cell, meticulously control exchange
of matter and play a key role in cell adhesion and cell signaling. To realize these
manifold processes, cells use passive diffusion as well as active transport mechanisms,
like transmembrane protein channels and pumps. [4]
Plasma membranes consist of a large variety of biological molecules, primarily lipids,
proteins and carbohydrates, which enable special functions. They built up a 6nm to
10 nm thick two-dimensional smectic liquid crystalline bilayer (fig. 2.1). This structure
is flexible, heterogeneous and mainly held together by non-covalent bonds (e.g. van der
Waals and hydrophobic interactions). [26]
The most prominent characteristic is the self-assembly of the membranes’ constituents
due to the amphiphilic character of the lipids. Amphiphilic molecules consist of both
polar and non-polar regions. The non-polar regions of the membrane lipids disrupt
the 3D hydrogen bonding network of the surrounding aqueous solution due to their
inability to form hydrogen bonds. The water molecules close to the non-polar parts
of the lipids are locally constrained and therefore, resulting in a decrease in entropy.
5
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Fig. 2.1: Illustration of the cross-section of an eukaryotic cell membrane and its main
components. Lipid molecules (orange) spontaneously aggregate into a double layer sheet partially
crossed from proteins (blue). [43]
This violates the second law of thermodynamics. For that reason the lipid molecules
spontaneously aggregate into superlattices to minimize their free energy and thus the
surface area exposed to the surrounding aqueous environment. Depending on the
molecular composition of the lipids and their environment, structures like monolayer,
bilayer, multilayer, micelles and vesicles aggregate. Section 2.2.2 provides a further
discussion of these structures. In the bilayer structure, non-polar regions of the lipids are
isolated from the cytosol and shielded in the interior while polar regions point to it. This
phenomenon is mainly driven by hydrophobic forces and known as the hydrophobic effect.
[1, 44] The following sections deal with lipids and proteins as the main constituents of
the cell membranes.
2.1.1 Lipids in Cell Membranes
Membrane lipids are basic building blocks that constitute approximately 50% of the
mass of most mammalian cell membranes [4]. They can be ingested with food or
synthesized de novo in lipogenesis during glycolysis and fatty acid biosynthesis [45].
Fatty acid synthesis is realized by numerous enzymes such as ACC1, which catalyzes
the carboxylation of acetyl-CoA to form malonyl-CoA [26]. The lipid composition varies
between different species and cell types, the membranes of different cell organelles and
even between the two sheets of the bilayer in the same compartment. Moreover the
lipid/protein ratios differ significantly, ranging from about three to four in human myelin
6
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Fig. 2.2: Illustration of glycerophospholipids. (a) Glycerophospholipids are composed of two
long chain fatty acids building up the nonpolar hydrophobic hydrocarbon tail (green). The tails are
linked through ester bonds to an glycerol backbone (black) and a phosphate group (blue) with different
types of polar hydrophilic headgroups (blue X). [47] (b) Chemical structure of PIP2 as representative of
the phosphorylated phosphatidylinositols (PI). Formula from Sigma-Aldrich. (c) Chemical structure of
dipalmitoylphosphatidylcholine (DPPC) as representative of the phosphatidylcholines (PC). (Formula
from Sigma-Aldrich.)
to 0.4 in the inner membrane of E. coli [46].
The three major lipid classes are phospholipids, steroids (e.g. cholesterol) and glycol-
ipids. Phospholipids are the most common membrane lipids in eukaryotic cells (e.g. 84%
of the total lipid mass in the endoplasmic reticulum (ER) of mammalian cells). They
are composed of one or more fatty acids linked to an alcohol backbone, a phosphate
group and different types of polar hydrophilic headgroups (fig. 2.2 (a)). Those fatty
acids build up the nonpolar hydrophobic hydrocarbon tail. Depending on whether
the alcohol backbone is glycerin or sphingosine, the phospholipids are classified as
glycerophospholipids or sphingolipids (e.g. SM) [26, 48]. The main glycerophospholipids
in mammalian cell membranes are phosphatidylethanolamines (PE), phosphatidylserines
(PS), phosphatidylcholines (PC) and phosphatidylinositols (PI) (fig. 2.2 (b) and (c)).
They differ in the polar head groups. The special role of phosphorylated phosphatidyli-
nositols in cell signaling will be discussed in section 2.4. Apart from the alcohol backbone,
phospholipids also differ in chain length, branching and degree of their unsaturation
of their fatty acids. These three elements influence the melting point of the plasma
membrane and thus the mechanical properties like fluidity and bending rigidity of the
cell membrane [49]. The most common chain lengths are C16 (palmitic), C18 (steric)
and C20 (arachidic). A reduced chain length weakens the tendency of the hydrocarbon
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chains to interact with each other by Van der Waals forces and decreases the rigidity.
Moreover each double bond produces a small bend in the chain which prevents a dense
packing and also decreases the rigidity [49]. Besides the van der Waals interactions
between the nonpolar chains, additional forces like electrostatic ones and hydrogen bonds
between the polar heads and the surrounding water molecules stabilize bio-molecular
layers. The diversity of membrane lipids does not surprise in view of their manifold
functions.
Structural alterations in cellular membranes’ lipid composition are crucial in the
pathogenesis of diseases [5, 50]. For example, it was reported that cancer affects fatty
acid synthesis [51–53]. Barcelo-Coblijn et al. reported that malignant cells contain
significantly lower levels of SM and higher levels of saturated and monounsaturated
phospholipids than their non-malignant counterparts [24]. These changes are strongly
connected to alterations in the mechanical properties and in cell signaling.
2.1.2 Membrane Proteins
As discussed above cell membranes contain a variety of proteins (between 20% and
80% of dry weight) acting in cell signaling as sensors of external signals and in cell-cell
communication [46]. Proteins are largely involved in the transport of substances, infor-
mation and energy through the cell membrane (e.g. via ion channels and transporters).
They act further as enzymes catalyzing biochemical reactions and play a key role in
cell-cell recognition [26, 45]. Proteins can be classified depending on the binding to the
membrane (fig. 2.3).
Integral proteins are membrane embedded amphipathic molecules that interact strongly
with the membrane lipids’ hydrocarbon tails, their polar headgroups and the aqueous
environment. They are permanently bound to and can either span across the membrane
(transmembrane proteins) or be attached to one side of it (monotopic proteins) [26, 54].
Transmembrane proteins are mostly anchored to the membrane with one or more alpha
helices. Examples of those transmembrane proteins are membrane transport mechanisms
like passive ion channels, active pumps, hormone receptors and cell adhesion molecules
or receptors like integrins and selectins. A deeper look into the wide variety of membrane
transport is offered in [26].
As opposed to integral proteins, peripheral proteins are temporarily and loosely
connected to the polar heads of the membrane or to other proteins via electrostatic,
hydrophobic and hydrogen bonds. Whether peripheral proteins bind to the membrane
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Fig. 2.3: Membrane proteins. (a) Sketch of different types of transmembrane proteins. Proteins are
anchored via peptide domains including hydrophobic side chains which could span across the membrane.
The domains form alpha helices (1 and 2) or beta barrels (3). (b) Sketch of different types of monotopic
proteins. Peripheral proteins are anchored via amphiphatic alpha helices (1), non-specific hydrophobic
associations (2), covalent bond lipid anchors (3) or protein-lipid electrostatic interactions (4). (own
work)
strongly depends on the pH value or the salt concentration and composition of the
surrounding medium [26]. Many hydrophilic proteins participating in signal transduction
(e.g. GTPases or phospholipases) are held close to the membrane via lipid anchors
to increase their biochemical reactivity. The association to the membrane modulates
conformational changes in many proteins which influences their physiological activity
[55, 56].
Proteins of the MARCKS family (fig. 2.4) are important examples of peripheral
proteins in many mammalian cells and act as a PKC substrate. Cells contain typically
10 µM MARCKS [58]. The MARCKS proteins are actin filament cross-linking proteins
which were regulated by PKC and Ca2+/calmodulin (CaM) [31, 59]. The protein is
involved in diverse cellular processes like endo- and exocytosis, cell motility, migration,
adhesion and proliferation [32, 59]. In the early 1990s scientists found that MARCKS is
essential for postnatal survival, secretion, membrane trafficking [60, 61] as well as brain
development [62]. Furthermore an increased level of MARCKS was found in primary
tumor samples [33]. The MARCKS peptide consists of functionally and structurally
different regions. One region is the effector domain (ED) consisting of 25 residues (151
to 175). The ED is rod-shaped and includes 13 charged basic residues (Arg and Lys)
and five aromatic ones (Phe) [32]. The other regions are the non-aromatic C-terminal
prenyl chain (residues 176 to 331) and the N-terminal myristate chain (residues 2 to
150) are directly connected to the ED on the left and right (sketched in fig. 2.4) [63].
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Fig. 2.4: Illustration of MARCKS interacting with the cell membrane. The N-terminal
myristate chain (violet) is embedded into the lipid bilayer (gray) while the 13 positive charged residues
(green) of the basic effector domain electrostatically interact with the negative charged lipids PIP2
(red minus signs). The five aromatic Phe residues (blue circles) in the effector domain of MARCKS
(151-175) penetrate into the PIP2 containing membrane. Adapted from [57].
2.1.3 An Overview on Membrane Models
Shortly after the development of powerful light microscopes at the end of the 19th
century scientists launched research on the molecular architecture of cell membranes.
The first membrane model including a lipid bilayer dates back to 1925. Gorter
and Grendler first described the plasma mebrane as a two-molecule thick layer of
fatty substances [64]. A few decades earlier, scientists had already proposed that cell
membranes largely consist of lipids [65]. The idea of a lipid double layer was elaborated
by Danieli and Davson in 1935. They first described a model containing proteins that
coat the membrane surface. This theory was confirmed by X-ray diffraction and electron
microscopy experiments [46, 66].
About 40 years later, in 1972, Singer and Nicolson changed the picture of cell
membranes significantly. They achieved a conceptual breakthrough, characterizing
membranes as laterally homogeneous, non-polar solvent for homogeneous embedded
proteins. Accordingly the membrane proteins are able to rotate and diffuse in lateral
direction in a liquid and asymmetric lipid double layer. A key feature in Singer and
Nicolson’s fluid mosaic model is the classification of membrane proteins into integral
and peripheral. In this model the non-polar parts of integral proteins are embedded in
the hydrophobic interior of the double layer while the polar regions stick up from the
membrane. [54] Despite recent revisions of the model by Stier, Sackmann, Karnovsky,
Vereb and others, the fluid mosaic model still provides the basis for current models of
10
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biological membranes [67]. An extension of the fluid mosaik model was published in
2005. Engelmann et al. proposed that cell membranes are "more mosaic than fluid"
characterized by a patchy and heterogeneous architecture in thickness and composition
[68].
2.1.4 Lipid Rafts
Proteins and lipids are not uniformly distributed in the membrane and its surface, as
could be expected in pure liquids. Simons and Vereb found parts of the membrane with
high concentrations of diverse proteins and lipids which constantly reorganize, dissolve
and group together [67, 69]. They concluded that lipids are laterally heterogeneous
distributed in one single layer. In 2006 lipid rafts were defined as highly dynamic,
heterogeneously distributed and sterol and sphingolipid enriched microdomains (10 to
200nm) which compartmentalize cellular processes such as signaling, apoptosis and cell
migration [70–72]. Compartmentalization of cellular processes leads to a more efficient
responding of cells to changes in their environment [73]. Lipid rafts are further enriched
in saturated lipids and therefore thicker and less fluid than other parts of the membrane
(fig. 2.5). The hydrophobic mismatch between lipid rafts and their surrounding leads to
a phase separation and a line tension between the two phases [74]. A fusion of domains,
reducing this mismatch was observed in vesicles made from ternary lipid mixtures [75].
Lipid rafts might further be stabilized by lipid-protein and protein-protein interactions
[76].
Lipid rafts provide specialized organizing platforms for the accumulation of proteins
and other signaling molecules. The affinity of the protein depends on the present raft
composition [4, 70]. Numerous proteins like cytoskeletal cross-linking, adhesional, and
signaling proteins have been identified to be raft associated [77, 78]. The large number
of raft associated proteins demonstrates the importance of the membrane localization
and structuring for the correct cellular function.
Although lipid domains can be observed in artificial membranes, questions about the
average size, life time and also the existence of lipid rafts in cells could not consistently
be answered until today. The next paragraphs will deal with model systems which were
developed to get an experimental access to biological membranes.
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Fig. 2.5: Illustration of the organization principle of lipid rafts in a cell membrane. The
illustration includes the non-raft part (green), the thicker lipid rafts (orange) and raft connected proteins
(blue). [79]
2.2 Model Membranes – An Experimental Access
to Cell Membranes
Cell membranes are self-organized and highly complex structures. Even today, it is
nearly impossible to study physical or biochemical effects (e.g. mechanical properties)
in cell membranes in vivo or even in single cells. Therefore, numerous two- and
three-dimensional model systems have been developed to address particular physical
properties. The use of simple model systems allows the control of certain parameters such
as membrane and medium composition, the temperature or the density of membrane.
The following sections of this thesis will deal with the most common model membranes.
[46]
2.2.1 Surface Tension and Thermodynamic Equilibrium
To understand the formation of model membrane structures and their characteristics it
is important to introduce the physical property surface tension γ. The surface tension
describes the cohesive energy present at the interface between two fluids. The resulting
force on a molecule in the bulk of a liquid effected from all surrounding molecules is
zero averaged over time (Fnet = 0). This does not apply to molecules at the surface of a
liquid because they are not completely surrounded by adjacent molecules (fig. 2.6). A
force (Fnet 6= 0) directed into the bulk of the liquid remains, and the surface molecules
cannot build up all of their hydrogen bonds. In order to bring a molecule from the bulk
to the surface a force has to be applied and mechanical work (W ) is needed. To increase
the surface Area (A), molecules from the bulk have to come to the surface which is an
12
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Fig. 2.6: Surface tension. Illustration of the forces acting on the molecules in the bulk of a liquid
and its surface. [81]
energy consuming process while the reverse process releases energy. Therefore a molecule
on the surface has a higher energy than a bulk molecule (e.g. water γ = 72mN m−1 at
20 ◦C). [80]







To constitute a minimum energy state the system has to minimize the number of higher
energy molecules and therefore its surface area until a state of thermodynamic equilibrium
is achieved [81]. The surface tension γ can further be expressed by derivations of the
Gibbs free energy (free enthalpy) G(T, p, n) or the Helmholtz free energy F (T, V, n) as a
function of the surface area A (eqn. 2.3). The temperature T , the pressure p, the volume
V and the amounts of chemical components n are constant controlled parameters [82].
The thermodynamic equilibrium is achieved if the potentials G or F are minimized. The
















The presence of amphiphilic molecules at a liquid-gas interface influences the surface
tension. This effect can be used to characterize monomolecular layers as an example for
model membranes. [81]
2.2.2 Langmuir Monolayer
One of the simplest two-dimensional model membranes are Langmuir monolayers at
the air-water interface. If amphiphilic molecules like glycerophospholipids are placed
at a air-water interface, they form self-organized structures. If this structure is only
one molecule thick, it is named monolayer [81]. Although lipid monolayers represent
only one single leaflet of bilayers they show features present in plasma membranes. For
example, monolayers act as model systems for the alveolar surface of the lung and show
inhomogenities and interactions with proteins [83].
In Langmuir monolayers the polar parts of the lipids tend to the aqueous phase while
the non-polar hydrocarbon chains face upwards (fig. 2.7). The spontaneous self-assembly
of amphiphilic molecules at the air water interface is driven by hydrophobic forces. The
system aims to minimize the contact area between the non-polar parts of the lipids and
the aqueous surrounding. [46]
Monolayers are characterized by different properties like the lateral pressure π, the
surface potential ∆, the phase behavior and thickness. The property π is defined as the
difference in surface tension between the surface with the monolayer on top γ and the
surface tension of the pure aqueous solution γ0 without a monolayer [46]:
π = γ0 − γ. (2.4)
Monolayers are well defined systems and accessible for several techniques such as film
balances and fluorescence microscopy which allows to study the lateral organization
of lipid membranes on a micrometer scale together with the incorporation of proteins,
enzymatic activities as well as phase transitions [46]. They are easy to prepare and
offer large observation areas and longtime measurements. Moreover, monolayers allow
investigations with a few tunable parameters like the temperature, the lipid composition
and the lateral pressure. The reduced number of parameters further enables a description
of measurements by mathematical models.
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Fig. 2.7: Self organized monolayers as simple models for one leaflet of a cell membrane.
The polar head groups (blue) point to the aqueous solution (gray) while the non-polar parts (green) face
upwards. The left sketch shows a monolayer in an ordered solid phase while the right one illustrates
the monolayer in a disordered liquid phase. (own work)
2.2.3 The Polymorphism of Langmuir Monolayers
Monolayers are accessible for numerous different techniques such as Langmuir troughs
(section 3.7). Langmuir troughs modify the surface area A available for the lipids at the
air-water interface. If the available surface area A is large, the lipid molecules have large
distances and week interactions between each other. Reducing the available surface area
with a barrier system leads to a higher packing density and the lipids start to interact
more. The polar parts repel under the influence of coulomb and steric forces, while the
nonpolar chains interact via van der Waals forces. [81]
Langmuir monolayers show a typical phase behavior in analogy to three-dimensional
Van der Waals gases [84]. The monolayers’ individual phase behavior is characterized
by "lateral pressure vs. area" curves (isotherms) sketched in fig. 2.8. Phase transitions
are connected to discontinuities in thermodynamic potentials like G(T, p, n), F (T, V, n)
or in their derivations [85, 86]. Because the lateral pressure π is defined by derivations
of G or F (eqn. 2.3) the isotherm shows discontinuities if a monolayer passes through a
phase transition.
A frequently used classification of monolayer phases is given in [89]. The gas analogous
(G) phase is characterized by long mean free paths between individual lipid collisions
and thus their interactions are negligible (π ≈ 0). The hydrophobic hydrocarbon tails of
the lipids in the surface plane are random distributed. If the available surface area A
is reduced by the barrier system of the Langmuir trough, the hydrophobic tails start
to interact with each other and the monolayer undergoes a first order phase transition
from G to a liquid expanded (LE) phase. In the LE phase the lipids align and show no
translational or conformational order [48, 90]. A further compression of the monolayer
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Fig. 2.8: Lateral pressure π vs. area per molecule A plot of a typical glycerophospholipid
monolayer at the air water interface. The small sketches of the phospholipids illustrate their
packing density in the different phase states. Adapted from [87].
Fig. 2.9: LE/LC phase coexistence in a pure DPPC monolayer. The isotherm shows a plateau
at ≈ 8mN/m at 21 ◦C. The images were recorded by epifluorescence microscopy. The phospholipid
was labeled with 0.5mol% Rhodamine B. (a) At 70Å2 per molecule black domains (LC) nucleate from
the fluorescent bright phase (LE) and increase (b) while reducing the available surface area. (c) At the
end of the phase coexistence plateau the LC domains completely fill the surface. Adapted from [88].
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yields a second first order phase transition to a liquid condensed (LC) phase which is
characterized by a higher packing density, a low level of ordering and more upright
hydrocarbon tails compared to the LE phase [91]. At higher lateral pressures the
monolayer reaches the solid (S) phase via a second order phase transition (discontinuity
in the compressibility) distinguished by a higher positional coherence length and a lower
compressibility [48]. In the S phase the hydrocarbon tails are perpendicular to the
surface plane. A further reduction of the surface area A leads to the collapse point of
the monolayer and a breakdown in three-dimensional structures.
Depending on their critical temperature Tc some glycerophospholipids (e.g. DPPC)
exhibit nearly isobar parts in their isotherms [83]. In analogy to Van der Waals gases
the plateau regions are phase coexistence areas [81]. The region is characterized by a
nearly constant lateral pressure π even when the area per lipid is modified. Micelle
formations lead to not exactly horizontal plateaus [48]. For example, DPPC shows a
coexistence of LE and LC phase at 21 ◦C between about 50 and 70Å2 per molecule [83].
In the phase coexistence region monolayers show patterns which can be visualized by
epifluorescence (section 3.1.1) or Brewster angle microscopy. In order to visualize the
patterns, the phospholipid headgroups can be labeled with a fluorescent dye. The labeled
lipids accumulate preferentially in the LE phase because the dye disrupts the dense
packing of the LC phase [92]. LC domains nucleate in a less ordered LE phase because
the system minimizes their internal energy by reducing the length of the phase boundary
(fig. 2.9). The formation of lipid domains is mostly driven by line tension forces defined
as the energy required to create two coexisting phases. The physical reason for this
pattern formation is an interplay between line tension, differences in dipole densities
and chirality of two liquid phases [93]. Domains in phospholipid monolayers can further
be interpreted as field of oriented dipoles based on the lipid’s polar character[83, 94].
A countless number of different shapes and sizes of domains can be observed in pure
phospholipid monolayers or mixtures [95].
Finally it should be noted that the inhomogeneity of biological cell membranes, as it was
described in section 2.1.4, cannot fully be explained with coexisting lipid domains as they
are observed in artificial ones. Beside lipid-lipid interactions, lipid-protein and protein-
protein interactions determine the thermodynamics of the membranes. Differences
between artificial and physiological membranes could arise from the connection to the




Depending on the lipid/water ratio, many phospholipids can aggregate in aqueous solu-
tion and form variety of suspended supramolecular structures [96, 97]. This phenomenon
is known as lyotropic polymorphism. The supramolecular structures show smectic and
anisotropic liquid crystalline features [48]. One of these three-dimensional self assembled
structures are vesicles. Vesicles can occur in different phase states and built up stable
spheres composed of one (unilamellar) or more (multilamellar) lipid bilayers. The
hydrophilic headgoups form closed regions while the hydrophobic hydrocarbon chains
are separated from the aqueous surrounding (fig. 2.10 (a)) [1].
The importance of vesicles goes beyond basic functions described by simple models.
For example, intracellular transport during endocytosis has to be realized without mixing
up individual compartments. In order to do so, vesicles are formed at the membrane of
one compartment and they fuse with a specific target membrane, carrying molecules as
cargo (fig. 2.10 (b)). The transfer of proteins from the ER to the Golgi apparatus or
the import of Fe3+ are examples of vesicular transport [26, 98]. Artificial vesicles are
becoming increasingly important as multifunctional nanocarriers for pharmaceutical drug
delivery [99]. Depending on application different methods to produce small (< 0.05 µm,
prepared by sonication), large (0.05 - 0.5 µm, prepared by extrusion) or giant (> 0.5 µm,
prepared by electroformation or swelling) unilamellar vesicles exist [46].
In contrast to vesicles composed of artificial lipids, GPMVs are derived from cells by
the vesiculation viz blebbing mechanism. This process is pH-, energy- and temperature-
dependent and chemically induced by paraformaldehyde (PFA) [13]. Mono- and divalent
cations, hypertonic medium and disulfide reducing agents such as 1,4-di-thiothreitol
(DTT) increase the process [14]. During vesiculation, a contraction of the cytoskeleton
yields an increased hydrostatic pressure inside the cell and pieces of the cellular membrane
separate from the cytoskeleton [14, 100]. GPMVs are free of intracellular organelles and
the cytosolic components have been removed by hypotonic lysis [13, 14]. They contain
a larger variety of lipids and membrane peptides and thus are closer to physiological
membranes. GPMVs further show liquid-liquid and liquid-gel phase separations below
23 ◦C to 25 ◦C along with the formation of large and circular micrometer sized domains
(fig. 2.11) [13]. The detailed procedure preparing GPMVs from different cell types is
described in section 3.2.3.
Moreover, scientists are intrigued by vesicles because of their elastic properties.
GPMVs are especially devoid of cortical actin filament assembly, are decoupled from
18
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Fig. 2.10: Three-dimensional self assembled structures and vesiculation. (a) Three-
dimensional structures formed by phospholipids in aqueous solution. Adapted from [101]. (b) Formation
of transport vesicles on one compartment and their fusion with another one. Adapted from [4].
Fig. 2.11: Laser scanning confocal microscopy images of GPMVs. (a) Cell-attached GPMV
of a suspended RBL cell. [13] (b) Large-scale liquid-liquid phase coexistence in a GPMV obtained from
NIH 3T3 fibroblasts. The GPMV was labeled with Rhodamine B. [13]
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cytoskeleton and thus fluctuate freely [13]. This allows interaction-free measurements of
biomechanical properties via Fourier analysis of thermal vesicle shape fluctuations.
2.3 Biological Membranes as Semiflexible Shells
In nature, closed shells and curved surfaces are very common phenomena showing an
enormous variation of elasticity and deformability. Two examples are the hard shells of
clams in contrast to soft plasma membranes. During the evolution of life, the elastic
properties of biological matter have always adapted to their physiological function and
enabled life in its present form and diversity. The next three sections will give an
overview about membrane elasticity and introduce Helfrichs ideas about the bending
deformation of plasma membranes. [102–104]
2.3.1 Elasticity of Soft Shells
The shape of cells and the morphology of membrane vesicles are characterized by the
elastic properties of the membrane and the cytoskeleton. For example, vesicles always
occur in forms of their minimum curvature energy [103]. Based on this knowledge,
scientists are able to develop theoretical models and predict the shapes and the behavior
of biological systems in accordance with experimental results.
The deformation of closed shells and curved surfaces such as cellular membranes is
influenced by lateral and bending deformations. Lateral deformations are originated
from orthogonal pairs of tensions which appear tangential to the membranes’ surface
and behave similarly to rubber elasticity. They are described by stretch ratios λ1 and




















K is the bulk modulus, µ the shear modulus and dA the area element of the surface.
Because of the fast lateral movement of lipid molecules in fluid bilayers the second
summand in eqn. 2.5 characterizing shear deformations, can be neglected (µ ≈ 0)
[1, 102]. However, this does not apply for membranes connected to the cytoskeleton
[107–109]. The first summand in eqn. 2.5 describes isotropic compression which occurs
if membranes’ surface A is modified. Typical values for K in bilayers are ≈ 200mN·m−1
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Fig. 2.12: Membranes as semiflexible shells. (a) Bending deformation of a lipid bilayer originated
from pairs of oppositely directed tensions πb and πu. (b) Local system of coordinates (blue) with z-axis
parallel to surface normal direction. c1 and c2 are principle curvatures. Both adapted from [1].
[110]. However, a membrane stretch of more than 5% leads to pore formation and the
collapse of the vesicle [111].
The bending deformation is originated from pairs of oppositely directed tensions πb
and πu which act on the upper and bottom side of the membrane and provide a torque
M = (πu − πb)d (fig. 2.12). d denotes the thickness of the shell and the elastic free
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κ and κ′ are bending rigidities, H is the mean curvature, G the Gaussian curvature, c0
the spontaneous curvature, γ the surface tension and ∆p the osmotic pressure. Typical
bending rigidities κ of phospholipid vesicles are ≈ 10−19J [113, 114]. The further
discussion of membrane elasticity will be restricted to bending deformations, and lateral
deformations will be neglected. In fluid membranes, shear deformations are by definition
zero and energies necessary to bend membranes are much smaller than the energies to




2.3.2 Helfrichs Theory About Bending Deformations
The theory of Helfrich describing the elastic properties of lipid bilayers is based on a few
assumptions. Firstly, the exchange of matter between bilayer and aqueous surrounding is
neglected due to the hydrophobic effect (A=const.). Secondly, the diffusion through the
membrane is slow during the observation period (V=const.). Moreover lipid flip-flops
between inner and outer monolayer are not considered (Ao − Ai=const.). [115]
Helfrich described the bending deformation of a membrane as displacement u(x, y) of
the bilayer in normal direction (z-axis). x- and y-axis direct to principle curvatures c1
















R1 and R2 are principal radii of curvature. Helfrich further expressed the elastic energy
































Because biological membranes are not symmetrical or homogeneous objects, an isotropic
spontaneous curvature c0 has to be considered describing a relaxed but not flat membrane
state [104, 117]. Different aqueous solutions on both sides of the membrane yield also to
a spontaneous curvature c0. In the expansion shown in eqn. 2.9, the bending elastic




2κ (∆u(x, y)− c0)
2 + κ′c1c2 (2.10)
= 12κ (c1 + c2 − c0)
2 + κ′c1c2 (2.11)
= 12κ (2H − c0)
2 + κ′G. (2.12)
The elastic constant κ characterizes the cylindrical curvature of the membrane and
corresponds to H whereas κ′ describes a saddle shape curvature corresponding to G. The
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modulus of the Gaussian curvature G from an isotropic and homogenous surface depends
only on their topology [118]. According to the Gauss-Bonnet theorem, integration over
a closed quasi-spherical shell such as vesicles results in a constant [119]. Therefore the
vesicles’ shape is independent from κ′. From eqn. 2.12 follows the Helfrich-equation
describing closed, symmetric (c0 = 0) and fluid (G = 0) bilayers in which the osmotic








The fluid cellular membrane of phospholipid vesicles can be described as elastic 2D
surface embedded in a 3D space (bilayer thickness vesicles’ diameter). The membranes
are able to fluctuate due to thermal excitation (undulation). In the thermal range of
(≈ kBT ), the elastic behavior of quasi-spherical vesicles is dominated from the bending
elastic energy (eqn. 2.6). The elongation from the minimum energy state goes hand
in hand with an increased conformational entropy resulting from 2D brownian motion.
The physiological significance of membrane fluctuation is not yet understood in detail.
Nevertheless, current research suggest that membrane fluctuations generate forces which
prevent nonspecific cell adhesion to the surface of tissue. Less fluctuating cells such
as old or pathogenic ones could be identified and sorted out [1]. Moreover membrane
fluctuations originate a repulsive force between plasma membrane and cytoskeleton
leading to a constant distance between both structures [121].
2.4 Membranes in Cell Signaling
The development of communication processes between cells and their environment was
an essential step to highly developed life. Organisms became able to respond efficiently
to environmental influences e.g. by regulating their metabolism and with changed gene
expression as well as with cytoskeletal reactions. External signals have to be transmitted
through the cell membrane into the cell and their organelles, which realizes a reaction
to the environment. Nature organizes this complex signal transduction using signaling
molecules and cascades which occur in all cell types. [1, 26]
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2.4.1 Signal Transduction Fundamentals
Numerous complex signal transduction processes are involved in cell communication.
Despite of the complexity behind individual pathways some general similarities can be
observed [26]. First, external stimuli yield the release of primary messenger molecules
(ligands) such as hormones. Most of the ligands cannot pass cellular membranes and bind
to a membrane located specific receptor (e.g. extracellular domain of transmembrane
proteins). Important examples of membrane receptors are G protein-coupled receptors
(GPCR) [122]. The binding of the ligand to membrane receptors outside leads to
conformational changes of the transmembrane protein. The conformal changes trigger a
response inside and second messenger molecules are released (e.g. at the intracellular
domain of the transmembrane protein). Second messenger molecules organize the
intracellular transduction of the external stimuli and regulate the concentration and
activity of other effector proteins such as kinases and lipases. Most of these effector
proteins act again as second messengers and control the activity of other intracellular
signaling proteins. Fundamental second messengers are for example Ca2+, PIP2 and
its hydrolyzed products IP3 and DAG [123]. The next section introduces the second
messenger family of phosphoinositides which participate in several signaling pathways.
2.4.2 Phosphoinositides
As discussed in section 2.1.1 phosphoinositides (phosphorylated phosphatidylinositols)
are important glycerophospholipids interacting with different proteins, guiding membrane
traffic and participating in cell signaling, endo- and exocytosis [124]. Phosphoinositides
are preferably localized at the inner layer of the plasma membrane acting as second
messenger and passive membrane anchor [125]. One molecule consists of two fatty
acids linked to a glycerin backbone (fig. 2.2 (b)). Further, up to three phosphate
groups can be attached to the polar headgroup (inositol). PIP, PIP2 and PIP3 are
collectively called phosphoinositides [45]. The most abundant phosphoinositide and
second messenger molecule is the charged membrane lipid PIP2, making up about 1%
of all phospholipids in human erythrocytes [32, 126]. The net charge of the molecule
depends on the local pH and its interaction with proteins. It can reach from -3 up to
-5 [125]. The phosphoinositides are the source of two second messengers molecules IP3
and DAG acting as participants in the phosphatidylinositol signaling pathway. This
fundamental pathway is introduced in the next section.
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It is still unclear how PIP2 efficiently fulfills so many distinct functions. It was
theorized that raft formations in cellular membranes (section 2.1.4) realize a spacial
and temporal organization of PIP2 and support a more efficient responding of cells
on changes in their environment [34, 127, 128]. For example, specific proteins such as
MARCKS can temporally sequester and cluster PIP2 molecules in the membrane and
release them for the interaction with other molecules [34]. Thus the concentration of
available PIP2 in membranes could be modified by peptides which bind or unbind to
PIP2 containing domains [34].
2.4.3 Phosphatidylinositol Signaling Pathway
One of the most important signal transduction processes is the phosphatidyinositol
cascade illustrated in fig. 2.13 (a). Fundamental regulatory processes such as gene
expression are affected or controlled by this signaling pathway [129].
The phosphatidylinositol signaling pathway starts with an external stimuli releasing
ligands (e.g. adrenaline) which bind to the extracellular domain of specific GPCR. The
ligands change the conformation of the GPCR and activate coupled G proteins at the
intracellular domain of the GPCR. The activated proteins dissociate in subunits while
guanosine triphosphate (GDP) and guanosine diphosphate (GTP) are exchanged. The
Gα subunit activates the membrane located enzyme phospholipase C (PLC). Activated
PLC triggers the hydrolysis of the membrane lipid PIP2 into IP3 and DAG (see fig. 2.13
(b)). IP3 diffuses to the smooth ER while DAG remains in the membrane. IP3 opens
further Ca2+-channels in the membrane of the smooth ER resulting in an increase of
cytosolic calcium from about 0.1 µM to 10mM [129]. In absence of IP3, the smooth
ER pumps Ca2+ back and lowers in cytosolic calcium level. An increased calcium level
activates CaM and together with DAG the membrane connected enzyme, PKC [130].
Among many other protein kinases, PKC plays a crucial role in signal transduction,
regulation of muscle contraction and decomposition of glycogen [26]. Activated PKC is
able to catalyze the activation of further proteins, such as MARCKS, by phosphorylation.
Subsequently, the activated protein can be inactivated by dephosphorylation. The
alternation between active and inactive state of proteins is called molecular switch and
will be topic of the next section.
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Fig. 2.13: Phosphatidylinositol signaling pathway. (a) Illustration of the IP3/DAG signaling
pathway, which is initiated by ligands binding to a GPCR (blue) and activating a coupled G protein.
The activated G protein dissociates in subunits Gα (light blue), Gβ and Gγ (purple). The Gα subunit
activates PLC and thus triggers the hydrolysis of PIP2 (red) into IP3 and DAG. IP3 opens Ca2+-
channels in the membrane of the smooth ER resulting in an increase of cytosolic calcium (orange),
which further activates CaM and PKC (green). (b) PKC catalyzed hydrolysis of PIP2 into IP3 and
DAG. [47, 129]
2.4.4 The Myristoyl-Electrostatic Switch
The cyclic binding and unbinding of MARCKS to membranes containing PIP2 is called
ME-switch (fig. 2.14) [131]. The process is realized by a dynamic interplay between
phosphorylation and dephosphorylation and it is involved in cellular migration, regulation
of the actin cytoskeleton, brain development and cancer [32, 40, 59, 132]. The ME-switch
is further responsible for the local availability of PIP2 [57].
The positive charged residues of the MARCKS (151-175) ED interact via electrostatic
forces with negative charged membrane lipids such as PIP2 and bind to the membranes’
interface (fig. 2.4) [57, 125, 133, 134]. The N-terminal myristate inserts into the
bilayer (fig. 2.4). Membrane bound MARCKS sequester PIP2 molecules, group them
together and decrease their PLC induced hydrolysis in IP3 and DAG [63, 125]. The
phosphatidylinositol signaling pathway discussed in section 2.4.3 yields a release of Ca2+
which activates many target proteins such as PKC. Activated PKC phosphorylates the
membrane bound ED and compensates their electrostatic binding to the membrane [135].
The phosphorylated MARCKS diffuse in the cytosol [136] and the non-sequestered PIP2
molecules enhance the translocation of PKC [137–139]. A dephosphorylation mediated
by phosphatases allows MARCKS to accumulate again to the membrane and form new
MARCKS (151-175)-PIP2 complexes [140]. This interplay between chemical reactions
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Fig. 2.14: ME-switch. (a) The MARCKS effector domain can occur in three states: free cytosolic
(C), membrane bound (M) and phosphorylated (P) [47, 141]. (b) The N-terminal myristate chain
interacts via hydrophobic interactions with the membrane (orange). 13 positive charges residues (+) of
the MARCKS (151-175) ED (green) interact via electrostatic forces with membrane embedded PIP2
(red). Phosphorylation of serines in the ED by PKC inhibits a further membrane association until the
ED is dephosphorylated in the cytosol. The five uncharged aromatic residues (Phe) of the MARCKS
peptide are illustrated as green dots [132].
and diffusion constitutes a RDS.
2.5 Reaction-Diffusion Systems
Complex vital processes such as biochemical reactions during cell signaling need specific
compounds at the right time, at the right place [142]. In nature, this synchronization is
not only realized via active transport mechanisms. Especially second messengers use
diffusion to attain their target and fulfill enzymatic reactions. The interplay between
reaction kinetics and diffusion constitutes RDSs determining manifold cellular functions
such as cell division and signaling. The mathematical description of RDSs provides
numerical results and permits a comparison with experimental observations. [143]
2.5.1 Diffusion
Diffusion is the net movement of particles along a concentration gradient ∇c(~x, t).
Adolf Fick purposed a macroscopic description of particle fluxes ~j in analogy to heat
conduction:
~j (~x, t) = −D∇c (~x, t) . (2.14)
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D denotes the diffusion coefficient, ~x the position vector and t the time. The combination
of eqn. 2.14 (Fick’s first law) and the equation of continuity leads to Fick’s second law
for homogeneous media (∇D = 0) [144]:
∂tc (~x, t) = ∇ · (D∇c (~x, t)) = D∆c (~x, t) . (2.15)
Equation 2.15 is a form of the heating equation [145]. Later, Einstein and Smoluchowski
presented a microscopic statistical description of diffusion based on Brownian motion
[146, 147]. Brownian motion is the random movement of particles caused by collisions
with thermally fluctuating particles of the surrounding medium. Einstein concluded
that Brownian motion and drag of particles in fluids are originated by the same random
forces (direct consequence of the fluctuation-dissipation theorem) and reported a relation
between diffusion- and drag-coefficient cw [85, 148]:
D = c−1w kBT =
kBT
6πηR. (2.16)
R is the radius of a spherical particle and η the viscosity of the medium. Further, he
interpreted the solution of eqn. 2.15 as d-dimensional Gaussian probability distribution





The linear dependance of the mean square displacement in time characterizes Brownian
motion with steps of equal length and time. The process is known as normal diffusion.





For example, the diffusion of lipids and proteins in membranes, diverse molecules in the
cytosol and in polymer networks show sub-diffusion b < 1 [149–151]. Active transport
such as molecular motors show super diffusive behavior b > 1 [152].
2.5.2 Michaelis-Menten Kinetics
Enzymatic reactions are crucial for living organisms. Without fine-tuning of the temporal
development of biochemical reactions, cell signaling and thus life in its present form
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would be impossible. A simplified model describing the kinetics of enzymatic reactions
is the Michaelis-Menten kinetics. [26, 129]
The enzyme E binds to a substrate S with constant rate k1. The reaction forms an
enzyme-substrate complex ES. The ES dissociates with constant rate k2 into a product





k2−→ P + E. (2.19)
The law of mass action allows the formulation of rate equations for the time-dependent
concentration c of each reactant.
dcS
dt = −k1cEcS + k−1cES,
dcES
dt = k1cEcS − (k−1 + k2) cES,
dcE




The initial conditions cS (0) = s0, cE (0) = e0, cES (0) = c0, cP (0) = p0, a steady state















In the transient state and in presence of small enzymatic amounts compared to the
substrate, cS does not change in total. Under this condition and the steady state





In living organisms enzymatic reactions often go hand in hand with diffusion. This
interplay constitutes RDS which could be connected to nonlinear phenomena such as
spatial-temporal pattern formation [35, 40]. In RDS, many spatially structured patterns,
stationary or moving, local or global, can occur [154]. They often reminiscent of forms
and phenomena observed in living systems. Numerous biological phenomena such as
skin patterns and cytosolic calcium oscillations are affected by RDS [153, 155]. Such
systems can be described with a set of reaction-diffusion equations:
∂tci (~x, t) = Di∆c (~x, t) +R (c1, ..., cn) . (2.23)
The parabolic partial differential equations consist of Fick’s second law and an additional
nonlinear reaction term R for each participant [153]. Reaction-diffusion equations have
normally no closed analytical solution but the numerical results enable a comparison with
experimental results. It was shown that molecular interactions between proteins and
lipids can induce nonlinear pattern formation in cellular membranes [40]. One example
of RDS, responsible for important types of pattern formation, are activator-inhibitor
systems. Typical for an activator-inhibitor system is that a deviation from homogeneity
has a large feedback on its further increase. Alan Turing has shown that the reaction of
two chemical substances diffusing with different rates can induce pattern formation [35].
Later, Gierer and Meinhardt have demonstrated that only a specific class of reactions
can form patterns (only if local autocatalysis and long-ranging inhibition is involved)
[156]. The Gierer-Meinhardt model describes the concentration of an activator, that
regulates the production of an inhibitor. A low production of the inhibitor, yields
a stable non-patterned steady state. An external signal (increment of the activator
concentration above a threshold) can later trigger pattern formation.
The regulating binding and unbinding cycle of the ME-switch (section 2.4.4) constitutes
a RDS and allows studying the impact of pattern formation on cell signaling [40, 141, 157].
Modeling the ME-switch contains three cyclical states of MARCKS [141]. Membrane-
bound M , phosphorylated MP and free cytosolic C MARCKS (fig. 2.14).
M →MP → C →M. (2.24)
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3.1 Optical Microscopy
In the recent decades, optical microscopy has been devolved further into a powerful tool
that characterizes physical properties of biological tissues, cells and their organelles. This
development was based on improved resolutions and new contrast methods. A faster
image processing enables the observation of dynamic processes, such as cell adhesion
and thermally excited membrane fluctuations in real time. The next two sections
will introduce fluorescence and phase contrast microscopy as established methods in
biophysics and in life sciences. [1]
3.1.1 Fluorescence Microscopy
Fluorescence is the emission of light by matter which has absorbed electromagnetic
radiation. Atoms and molecules of matter may interact with electromagnetic radiation
of frequency νA. During the interaction they absorb photons of energy EA = hνA, h
denotes the Planck constant, and switch from the ground state S0 to an electronically
excited singlet state S1 or S2 [158]. Each excited electronic level consists of vibrational
states [159]. Due to vibrations and collisions with other atoms, the excited electrons relax
(non-radiative) to a vibrational ground level of the respective excited state (internal
conversion). Absorbed electrons return spontaneously from the exited state to the
ground state after an average time of 10ns [160]. During relaxation to the ground state,
the atom emits a photon of energy EE = hνE. This spontaneous emission of light by
matter is called fluorescence. Electrons in S1 or S2 can undergo a spin flip to a triplet
state T1 (intersystem crossing) that relaxes to the ground state S0. A spin flip is a
"forbidden" transition and thus the emission rates are orders of magnitude lower than
those for fluorescence. This phenomenon is called phosphorescence [161]. The principle
behind fluorescence is illustrated in fig. 3.1 (a).
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Fig. 3.1: Principle of fluorescence microscopy. (a) Jablonski diagram illustrating the excitation
of a molecule from its ground state S0 to an electronically excited singlet state S1 or S2 while a photon
of energy EA = hνA is absorbed (purple). The excited electron can either relax to a vibrational ground
state (internal conversion) and further back to S0 while emitting a photon of energy EE = hνE (green)
or switch to a triplet state T1 (intersystem crossing) that relaxes to the ground state by phosphorescence
(red). (b) Schematic illustration of a fluorescence microscope. The green arrow represents the excitation
light and the red one the fluorescent light. Adapted from [160].
Some aromatic molecules show intrinsic fluorescence and were used as marker (flu-
orophore viz dye) with a characteristic absorption and emission spectrum [4]. The
attachment of fluorophores to membrane lipids or proteins is called labeling and enables
their observation via fluorescence microscopy. The labeled molecules can be tracked
or analyzed after illumination with the specific excitation wavelength of the used dye.
In the following experiments Rhodamine B (excitation/emission 560nm/580nm) and
BODIPY (503nm/513 nm) were used as fluorophores.
Fluorescence microscopy is a highly sensitive tool to visualize transparent objects
smaller than the diffraction limit using optical selectivity. A typical setup is illustrated
in fig. 3.1 (b). A light source (mercury-vapor lamp in present experiments) illuminates
the sample and excites the dye labeled molecules. An excitation filter selects a well
defined frequency from the illumination spectra. A dichroic beam splitter separates
excited and emitted light. The emitted fluorescence light passes the beam splitter and
is guided to an objective. The stronger illumination light is reflected and guided back
to the light source. If the intensity of emitted light should be analyzed, an additional
photo detector is necessary (e.g. photodiode). [160]
In the experiments of this thesis an epifluorescence microscope (Olympus, U-CMAD3)
was used for monitoring the lateral organization of biomimetic membranes and for
studying phase transitions in monolayers as well. Fluorescent micrographs of pattern




3.1.2 Phase Contrast Microscopy
If a light wave ~Ψ (~r, t) passes through an object, its intensity 〈I(t)〉t ∝
∣∣∣ ~A∣∣∣2 and thus its
amplitude ~A is modulated due to the partial absorption by the medium:
~Ψ (~r, t) = ~Aei(~k~r−ωt) = ~Aeiφ. (3.1)
~r denotes the position vector, t the time, ~k the wave vector and ω the angular frequency.
Visible bright-dark-contrasts are normally generated by amplitude alterations of a light
wave traveling through an object compared to a reference wave. The reference wave do
not pass the object (upper part of fig. 3.2 (a)). [162]
In biology and medicine most microscopic objects like cell organelles are largely
transparent because they cannot absorb much light and the amplitude ~A remains nearly
constant while the light wave passes the sample. Transparent objects can be visualized
by dyes. However, dyes influence biological objects and should be avoided as often
as possible [162]. The phase contrast method allows the observation of transparent
structures without dyes. This technique reveals many individual sample structures that
are invisible for normal light microscopy. Transparent structures often differ from the
surrounding medium in their refractive indices n. If a light wave transmits through the
object its propagation velocity c′ and thus its phase φ are changed by λ/4 relative to a
reference wave (λ denotes the wavelength) [163]:
c′ (n) = c0
n
. (3.2)
In contrast to modulations of the light amplitude ∆ ~A, phase shifts ∆φ (lower part of
fig. 3.2 (a)) are invisible to the human eye. The interference of specimen unaffected
reference light and diffracted phase shifted light to visible contrasts in brightness was
the idea of Zernike. [165]
The working principle of a phase contrast microscope is sketched in fig. 3.2 (b). A
condenser guides ring shaped illuminating light to the optical path of the microscope
and focuses the light on the object. Some of the illuminating light is diffracted and
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Fig. 3.2: Principle of phase contrast microscopy. (a) Illustration of a light wave changing its
amplitude ~A due to different attenuation coefficients between different media (upper sketch) and an
unaffected reference wave (middle sketch). The lower sketch shows a light wave changing its phase ϕ
due to different refractive indices n. [164] (b) Schematic illustration of a phase contrast microscope.
The illuminating specimen unaffected reference light is colored in yellow and the diffracted phase shifted
light in red. Adapted from [163].
The resulting interference wave is only slightly phase shifted (≈ λ/20) and has a similar
amplitude compared to the reference wave. To produce a visible contrast the reference
light has to be manipulated separately without affecting the specimen scattered light.
Thus, only the reference light is phase shifted by a phase ring (λ/4-wave plate) in the
back focal plane of the objective. The phase shift of the reference light generates a
maximum of destructive interference with the diffracted light which is emitted from
the sample. The reduced amplitudes resulting from destructive interference (negative
contrast) can be perceived as bright-dark-contrast. The object appears dark against
the background and is surrounded by a bright halo. Halos are artifacts generated by
diffracted object light which passes the phase ring. In order to increase the contrast, the
reference light is dimmed by a gray filter. A mathematical description of phase contrast
microscopy based on Fourier transformations is given in [162].
In the following experiments a phase contrast microscope (Leica Microsystems, DM
IRB) was used for studying thermally excited membrane undulations. Images were
recorded with a camera (Andor Technology, iXon DV887 EMCCD).
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3.2 Cell Culture and GPMV Formation
Characterizing biomechanical, morphological and epigenetic properties of cells has
become a focus in life sciences in the recent decades. But even today it is very difficult
to study these properties in vivo. Cell culture has become an established tool addressing
particular biophysical properties. Cell culture is the cultivation of cells in specific culture
media in vitro. [4]
One can distinguish between cell culture of cell lines and primary cells. Cell lines are
immortalized cells which could be cultured for a long time with basic culture media. Cell
lines are robust, stable and available for manifold tissue types and in large amounts. The
cells of cell lines have evaded cellular senescence and can keep undergoing cell division.
It should be noted cell lines have undergone similar mutations occurring in cancerous
cells. Such genetic mutations allow cells, which would normally not proliferate to divide
[166].
In contrast to cell lines, primary cells are directly obtained from the organism of a
donor and are not immortalized. They are free of long-term culture effects which may
influence their biomechanical properties. Primary cells need specific and complex culture
media, they are influenced by the physical condition of the donor and will become
senescent after a finite number of passages [167]. For that reason the number of primary
cells obtained from the same donor is limited. [168]
In the next sections the used cell lines and primary cells will be introduced. Further,
the detailed procedure preparing GPMVs from different cell types will be described.
3.2.1 Tumor Dissociation and Cell Culturing of Primary Cells
Breast and cervical tumor samples were received from the University Hospital Leipzig.
The use of the primary samples was approved by the ethics committee of the medical
department of the Leipzig University and all participants in this thesis signed a standard
consent document prior to the surgery. After tumor surgery, the tissue samples were
classified by the institute of pathology (Prof. Dr. Lars-Christian Horn). Tumor surgery
was carried out by Prof. Dr. Michael Höckel and Dr. Susanne Briest. Remaining samples
of tissue were processed further for cell culture, isolation and the present experiments.
Malignant and non-malignant tissue samples were obtained from donors by surgical
excisions at Leipzig University Hospital. Fig. 3.3 (a) shows pieces of tissue samples
obtained from a human breast tumor. Prior tissue dissociation and cell monolayer
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Fig. 3.3: Tissue sample preparation. (a) Pieces of a human breast tumor tissue sample (right)
and a respective non-malignant counterpart (left). The sample was obtained from a patient by surgical
excision. (b) Small pieces (about 1mm3) of the tissue sample. (c) A gentleMACS Dissociator was used
to dissociate the tissue. Image from Miltenyi Biotec. (d) In order to obtain isolated epithelial cells the
sample was digested with collagenase and DNase.
[169]
formation the samples were cut into small pieces of ≈ 1mm3 as shown in fig. 3.3
(b). The dissociation of the small tissue pieces was carried out in a gentleMACS
C tube (Miltenyi Biotec, 130-093-235) which is filled with 5ml Dulbecco’s Modified
Eagle/HAM’s F-12 medium (DMEM/HAM’s F12, Biochrom, FG 4815) and 20 µg ml−1
DNase I (AppliChem, A3778,0010).
For breast tissue, 1.6mg ml−1 collagenase P (Roche, 11213857001) was supple-
mented. For cervical tissue, 0.25mg ml−1 collagenase 1A (Sigma-Aldrich, C9722) and
0.25mg ml−1 pronase (Roche, 10165 921001) were supplemented. The tissue pieces
with supplements in the gentleMACS C tubes were processed further in a gentleMACS
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Dissociator (Miltenyi Biotec, 130-093-235) and incubated in a humid atmosphere at 37 ◦C
and 5% CO2 for 30 to 60min. GentleMACS Dissociator processing and incubation were
repeated until 80% of the sample pieces were digested. The gentleMACS Dissociator is
illustrated in fig. 3.3 (c).
In order to eliminate epithelial cells from debris, clusters, and other cell types like
fibroblasts the obtained suspension was first centrifuged at 40 g for 1min and second
at 300 g for 10min in analogy to [170]. The remaining pellet was re-suspended in
DMEM/HAM’s F12 mixed with 10% fetal calf serum (FCS, Biochrom, S 0615) and 1%
antibiotic-antimycotic solution (Sigma-Aldrich, A5955). The obtained cells were cultured
in 6-well plates at 37 ◦C and 5% CO2 in a humid atmosphere with the same medium.
After 24 h, the culture medium of the breast cells was exchanged with serum-free HuMEC
medium (Life Technologies, 12752-010) and the medium of the cervical cells with defined
keratinocyte serum-free medium (Life Technologies, 10744-019). In both media, 1%
antibiotic-antimycotic solution was added. The culture medium was replaced every 2-3
days. Cells were grown to ≈ 90% confluence prior the experiments. Fig. 3.3 (d) shows
human breast epithelial cells in a 6-well plate.
The experiments were only performed with primary cells which had not been passaged
before. The culture time of primary cells was reduced to 5-10 days. Both should minimize
the effect of cell culture to the biomechanical behavior of cells and their membranes in
vitro.
3.2.2 Cell Lines and Cell Culturing
Malignant MDA-MB-231 (ATCC, HTB-26) breast epithelial cells were cultivated at
37 ◦C and 5% CO2 in humid atmosphere in 75 cm2 flasks (TPP, 90076). The used
culture medium consisted of 90% DMEM and 10% FCS. The medium was replaced
every 2-3 days. T24 bladder carcinoma cells were provided by the department of surgery
of the University of Munich and recently authenticated by the DSMZ in Braunschweig.
T24 cells were maintained in McCoy‘s 5A medium (PAA Laboratories, 16600-082)
supplemented with 10% FCS, 2mM L-glutamine and 1% penicillin/streptomycin (P/S).
Prior to an experiment, for passaging and the extraction of lipids for mass spectrometry,
cells were rinsed two times with phosphate buffered saline (PBS, Life Technologies,
18912-014). 1ml 0.025% trypsin/EDTA mixture (Biochrom, L2143) was added to detach
the cells from the flask. The incubation time of the trypsin/EDTA solution reached
from 3min for MDA-MB-231 cells up to 15min for primary cervical and breast cells. In
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Fig. 3.4: Cell culture of cell lines. Light microscopic image of (a) malignant MDA-MB-231 and
(b) non-malignant MCF-10A breast epithelial cells.
order to inhibit trypsin, cells were resuspended in 5ml culture medium and centrifuged
at 100 g for 4min. After centrifugation the trypsin containing medium was eliminated
and the remaining pellet was re-suspended in 1ml cell culture medium. The obtained
cell suspension was either processed applying the Bligh and Dyer method to extract
lipids [171] or cultured again with fresh culture medium in a new flask under identical
conditions as described above.
Non-malignant MCF-10A breast epithelial cells (ATCC, CRL-10317) were cultured
in 75 cm2 flasks. The culture medium consisted of 1:1 DMEM/Ham’s F12 medium
supplemented with 100 ng ml−1 cholera toxin (Sigma-Aldrich, C8052), 20ng ml−1 human
epidermal growth factor (Sigma-Aldrich, E9644), 10 µg ml−1 insulin (Sigma-Aldrich,
I9278), 500 ng ml−1 hydrocortisone (Sigma-Aldrich, H0888) and 5% horse serum (PAA
Laboratories, B15-021). The cells were incubated at 37 ◦C and 5% CO2 in a humidified
atmosphere. The culture medium was replaced every 2-3 days. Passaging as well as
lipid extraction were carried out in the same manner as described for MDA-MB-231 and
T24 cells. Fig. 3.4 shows representative light microscopic images form MDA-MB-231
and MCF-10A cells. The next section describes the isolation of cellular membranes from
primary cells as well as cell lines.
3.2.3 Preparation of Giant Plasma Membrane Vesicles
As described in section 2.2.4, GPMVs are bilayer spheres which are derived from
viable cells by vesiculation and contain numerous different lipids and proteins. During
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Fig. 3.5: Preparation of giant giant plasma membrane vesicles. (a) The medium was removed
and cells were washed with GPMV buffer. (b) GPMV buffer containing 25mM PFA and 4mM DTT
was added to cells in the culture flask. (c) A shaker was used to incubate the cells with PFA and DTT
containing buffer solution. (d) The vesicle solution was stored on ice in a insulation box. (e) Phase
contrast microscope which was used to observe GPMVs directly after preparation. (f) Representative
phase contrast image of a GPMV.
vesiculation, the plasma membrane separates from the cytoskeleton and pieces of the
membrane dissociate from the actin cortex. An increased hydrostatic pressure inside
the cells, caused by a contraction of the cytoskeleton, yields the formation of GPMVs
[100, 172, 173].
Prior to vesiculation, cells (primary cells or cell lines) were grown to ≈ 90% confluency
in 75 cm2 cell culture flasks. After the cell culture medium was removed, cells were rinsed
two times with GPMV buffer (fig. 3.5 (a)). The use of a buffer solution was necessary
because vesiculation occurs optimally between pH 7.0 to 7.5 [14]. The GPMV-buffer
was composed of 150mM NaCl (Sigma-Aldrich, S7653), 10mM 2-(4-(2-Hydroxyethyl)-
1-piperazinyl)-ethansulfonsäure (HEPES) (Sigma-Aldrich, H3375) and 2mM CaCl2
(Sigma-Aldrich, C5080). The substances were dissolved in ultra-pure water produced
by a Milli-Q system (Integral 5, Merck Millipore, ρ > 18MΩ cm) and the solution was
adjusted zu pH 7.4. The GPMV-buffer was stable for about a week.
Vesiculation was triggered by PFA and potentiated by the disulfide reducing agent
DTT, by mono- and divalent cations (Ca2+, Na+) and by hypertonic medium in analogy
to Scott et al. [14]. DTT powder (DTT, Roth, 6908) was dissolved in ultra pure
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water. PFA powder (Sigma-Aldrich, P6148) was suspended in ultra pure water and
warmed to 60 ◦C. After warming, drops of 1M NaOH were added until the turbid
suspension becomes clear. The solution was allowed to cool down to room temperature.
While constantly stirring, the solution was dropwise adjusted to pH 7.4 with 5% HCl.
2.5ml GPMV buffer containing 25mM PFA and 4mM DTT was supplemented to the
washed cell monolayer in the flask (fig. 3.5 (b)) [13]. Cells covered with the buffer
solution were incubated for 120min in a shaker at 5% CO2, 37 ◦C and 60 cycle/min.
The incubator is shown in fig. 3.5 (c). Subsequently, the suspension in the flask was
filled into a 15ml centrifuge tube supplemented with 4ml GPMV buffer and cooled on
ice for approximately 45min (fig. 3.5 (d)). The upper 34 of the solution in the centrifuge
tube contained most of the GPMVs and were transferred immediately onto a microscope
slide and imaged via phase contrast microscopy (Leica Microsystems, DM IRB) with a
100× immersion objective. The setup is shown in fig. 3.5 (e).
3.3 Optical Stretcher
The Optical Stretcher is a two beam fiber laser trap. It enables contact free deformation
measurements of single suspended cells. The principle goes back to the fundamental
ideas of Arthur Ashkin about optical traps [174]. The technique was developed further
in the 1990s to trap, hold and deform soft materials [175, 176].
Forces in optical traps can be described in different ways depending on the used
laser wavelength (λ) and the cell diameter (D). The ray-optics approach (D  λ) is
based on the energy-momentum relation and neglects diffraction effects. For the present
measurements (D ≈ 15 µm and λ ≤ 1064nm) the ray-optics regime can be applied [177].
Photons can exert forces on particles caused by the conservation of momentum. When




c0 is the speed of light in vacuum, E the photons’ energy and ~er the unit vector in
propagation direction. Photons carry a higher momentum when propagating inside a
cell (ncell > nmed). Due to a higher refractive index inside the cell compared to the
outside the laser is refracted according to Snell’s law. The direction and the momentum
of photons are changed from ~p1, ~e1 into ~p2, ~e2 (fig. 3.6 (a)). The conservation law of
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Fig. 3.6: Forces in optical traps and the Optical Stretcher. (a) The higher refractive index
inside the cell (green circle) compared to the outside causes a refraction of the laser (red arrows) by
the cells’ surface according to Snell’s law. The direction and momentum of photons (black arrows) is
changed from ~p1 into ~p2. The conservation law of momentum yields a resulting momentum ~p (purple
arrow) which is transferred to the cell and conserves the momentum of the system (black rectangle).
(adapted from [174]) (b) Momentum transfer to the surface of a cell. One part of the laser beam enters
the box and a smaller fraction is reflected at the surface (red). Hence, ninside > noutside the momentum
of photons inside the cell is higher compared to the outside. Due to the conservation law, momentum is
transferred to the surface which points outwards (black). Adapted from [178].
momentum yields a resulting momentum ~p which is transferred to the cell and conserves
the momentum of the system:
~p = ~p1 − ~p2 =
nE
c0
(~e1 − ~e2) . (3.5)
This momentum respective force ~F can be split up into a gradient- (~Fgrad) and scatter-
force (~Fscat):




The first one acts to the highest beam intensity while ~Fscat is orientated away from the
beam source (fig. 3.6 (a)). In the Optical Stretcher two symmetric, counter-propagating
laser beams cancel the scatter-forces out and realize a stable trap region. Both forces
are calculated in [179].
The following stretching process is cased by a momentum, transferred to the cells’
surface [176, 178]. The process is illustrated for a dielectric cube in fig. 3.6 (b). One part
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Fig. 3.7: Working principle of the Optical Stretcher.(a) Illustration of the Optical Stretcher
setup consisting of an microfluidic channel (blue), two counter-propagating optical fibers (yellow) and
lasers (red). (b) Phase contrast image of a trapped and stretched cell. The increased cell diameter is
recorded with a contour detection algorithm. (c) Laser power P pattern as a function of time in a
typical single deformation experiment. [184]
of the laser beam enters the box and photons increase their momentum. A smaller part
is reflected at the front interface according to Fresnel formulas. Due to the conservation
law, momentum is transferred to the surface. The momentum respective force points
away from the optically denser medium and leads to the stretching of the box. Forces
acting on the front- and back side of the cube are calculated in [176]. The surface stress
distribution σ(φ) as function of the angle φ to the beam axis has been described for
D  λ in several publications [177, 180, 181]. Newer publications based on generalized
Lorenz-Mie theory and Maxwell equations confirm the ray optics approach even for
prolate spheroids [182, 183].
Cells were cultured, detached from flask and re-suspended in medium as described
in section 3.2.2. Subsequently, cell suspension was pumped to the focus of the laser
beams, trapped, and stretched with 800mW (fig. 3.7 (a)). A minimum of 300 cells were
stretched for each experiment and the setup was held at 23 ◦C. Rotating cells were sorted
out. The cell deformation was recorded as an image series (30 fps). A contour detection
Matlab algorithm (The MathWorks Inc., Natick, MA, USA) was used to determine the
changed cell diameter and to correct for small angle rotations in the stretcher (fig. 3.7
(b)). The ratio of elongation d(t)− d0 and initial cell diameter d0 along the laser axis
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is plotted as function of time. The optically induced stress σ0 depends linearly on the
applied laser power Pstretch [20, 176]. The creep deformation J(t) is presented as median,
appropriate for the non-Gaussian distribution of the data. The laser power pattern is
shown in fig. 3.7 (c). A bootstrapping was used to estimate a 95% confidence interval.
Moreover, a two-sample Kolmogorov-Smirnov test was done to check if the data are
from different distributions.
3.4 Fourier Analysis of Thermally Excited
Membrane Fluctuations
Elastic properties do not only affect the global shape of membranes [104]. They further
control many cellular functions such as cell adhesion, proliferation and exocytosis. Thus,
characterizing elastic properties can give insights in physical principles of biology. One
fascinating phenomenon in red blood cells and membrane vesicles is the flickering due
to Brownian motion induced thermal fluctuations. In the range of thermal excitations
(≈ kBT ), the elastic behavior of membranes is dominated by a very soft bending rigidity
κ. The next sections deal with the Fourier analysis of thermal vesicle shape fluctuation
allowing interaction-free measurements of membranes’ rigidity. [1, 113, 121]
3.4.1 The Quasi-Spherical Model – Membrane Fluctuations
The theoretical background describing thermally exited membrane fluctuations goes back
to Helfrich in 1973 [185]. He described the elastic free energy of liquid crystalline bilayer
membranes (eqn. 2.13). In 1984 the theory was extended to quasi-spherical vesicles with
constant volume and surface area by Schneider et al. [120]. The quasi-spherical model
characterizes fluctuations of thermally excited vesicles whose time-averaged equilibrium
shape is a sphere. The vesicles surface A exhibits a low excess Aδ with respect to a
sphere with the same volume.
The model is based on dynamic displacements u(θ, ϕ, t) of a vesicle from its spherical
form and the idea that vesicles occur in many thermally accessible states. Schneider
et al. decomposed the relative displacements in spherical harmonics Ylm(θ, ϕ) and
time-dependent amplitudes alm(t) [120]:
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θ denotes the polar and ϕ the azimuthal angle. Spherical harmonics and time-dependent
amplitudes are both characterized by a azimuthal l and a polar m number (−l ≤ m ≤ l).
States with l = 1 correspond to sphere translations and states with l = 0 violate the
assumed conservation of the volume [120]. The current radius R (θ, ϕ, t) of the vesicle
can be expressed as [16, 186]:
R (θ, ϕ, t) = R0 (1 + u (θ, ϕ, t)) . (3.9)
R0 is the average radius of the vesicle in polar coordinates. Further, a relation between
the bending elastic free energy Ebending from equation 2.13 and the time-dependent








|alm|2 (l + 2) (l − 1) [l(l + 1) + σ′] . (3.10)
The bending elastic free energy is (2l+1)-times degenerated inm and σ′ is a dimensionless
Lagrange multiplier considering a constant membrane surface. Equation 3.10 is based
on linearized elastic theory neglecting tangential deformations, spontaneous curvature
as well as the osmotic pressure (section 2.3.2) [114]. From the hydrodynamic theory
follows that single oscillating modes are independent and thus, the time-dependent
amplitudes alm(t) from each spherical harmonic can be calculated [148]. According to




and together with eqn. 3.10 the normalized means square amplitudes alm(t) of the
spherical harmonics can be expressed as [17, 186]:
〈|alm|2〉t =
kBT
κ (l − 1) (l + 2) [l (l + 1) + σ′ (Aδ)]
. (3.12)
T denotes the temperature, kB the Boltzmann constant and σ′ = σeffR2/κ introduces
the effective tension σeff . The effective tension is influenced by the surface to volume
ratio and can be negative for strongly deflated vesicles. The lower limit of σ′ for the
quasi-spherical approximation is −6 [187]. The correlation between the quasi-spherical
theory and the experimental data will be described in the next section.
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3.4.2 Determination of the Bending Rigidity
In order to determine the elastic properties of vesicles a pool of different methods exist.
Invasive methods such as micropipettes are based on the deformation of vesicles as well
as membrane’s response to applied forces [188–190]. In contrast, noninvasive methods
such as Fourier fluctuation analysis allow interaction-free measurements [16, 17].
The present determination of the bending rigidity κ of vesicles is based on Fourier
fluctuation analysis of their contours R (θ, ϕ, t) [114, 120, 186]. In the experimental
setup, fluctuating edges of the vesicles were studied by observing the equatorial plane
(θ = π/2) only. Just observing the equatorial plane is possible because the sum in eqn.
3.12 depends only on l (equipartition theorem). 3D-measurements were not required.
The amplitudes of the 2D edges Vq (t) can be expressed as a function of the time-
dependent amplitudes of the spherical harmonics alm(t) [191]. To achieve this aim
the relative displacements of the vesicles u (ϕ, t) are written as Fourier coefficients viz
fluctuation amplitudes Vq (t) in the equatorial plane by applying Fourier transformation
[17]:
u (ϕ, t) = R0
qmax∑
q=0
Vq (t) eiqϕ. (3.13)
The mean square values of the amplitudes Vq (t) were calculated by substituting eqn.





















(l + 2)(l − 1) [l (l + 1) + σ′] . (3.15)






are fully normalized associate
Legendre functions in the equatorial plane. Using eqn. 3.15, κ and σeff can be calculated
independently by a two-parameter fit. The sum in eqn. 3.15 is rapidly converging
for moderate tensions and was calculated in agreement with Gracià et al. up to 400.





 NlqP (q)l (0)
(l + 2)(l − 1)
2 . (3.16)
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The statistical variance 〈|V (q)|2〉 of the fluctuation amplitudes Vq shows three regimes
depending on the mode number q. Low-wave number modes are dominated by tension
and by gravitational forces and were not considered in the present analysis. These modes
lead to systematically too high values of κ and a coupling of deformation and rotation
[114, 192]. High order modes are dominated by noise and were also ignored. The regime
between is bending dominated and called intermediate regime. The intermediate regime
is characterized by practically constant κ-values (independent of q) and was used to
calculate bending rigidities in the present work. [17]
In the experiments, GPMVs and their edges were observed by phase contrast mi-
croscopy. Typical images of GPMVs in the equatorial plane are shown in fig. 3.8 (a)
and 3.5 (e). A representative sequence of n snapshots (n ≈ 10, 000) per GPMV was
recorded with an iXon DV887 EMCCD camera (Andor Technology, UK). Depending
on the chosen region of interest (ROI), frame rates between 90 and 150 frames per
second were obtained. The observation time period per vesicle (acquisition time) was
approximately 1min and thus much longer than the relaxation times of the thermal
excitation [17, 191]. This guaranteed that vesicles were able to constitute most of their
available configurations. A second important time scale is the exposure time (length of
time that the shutter is open for image integration). For a typical GPMV (R ≈10 µm,
κ ≈ 10−19 J, η ≈ 10−3 Pa s) the relaxation time of q = 50 is about 300 µs [17]. The
exposure times were selected in the range between 300 µs and 1ms. In order to detect
the edges of individual GPMVs a MATLAB gradient based contour detection algorithm
with subpixel resolution [20, 193] was employed in close cooperation with Dr. Tobias
R. Kießling (fig. 3.8 (b)). The main steps are introduced in fig. A.1. The edge of each
single GPMV was discretized in N=256 equidistant radii R (ϕi). Each point of the







The amplitudes Vq from eqn. 3.13 were calculated with a fast Fourier transformation
and their mean square values 〈|Vq|2〉t (eqn. 3.15) by averaging |Vq|2 over the number of
taken images n per GPMV (ensemble average). A Mann-Whitney U test was carried
out to control if the data are from different distributions.
In the present thesis, only bending dominated modes and GPMVs with observable
flicker were analyzed. Modes 7 ≤ q < 16 showed practically constant bending rigidities
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Fig. 3.8: Determination of the bending rigidity. (a) Phase contrast image of a GPMV extracted
from isolated primary breast cancer cells. (b) Edge of the vesicle obtained from a gradient based contour
detection algorithm. The contour of the vesicle is described with 256 equidistant radii ~R(ϕi). [169]
(fig. 3.9 (a)) and the experimentally measured statistical variance:








scales ∝ q−3. The scaling behavior for a representative GPMV is shown in fig. 3.9 (b).
In order to fit the data with a self-written MATLAB code and prove, if the used modes
are bending dominated, the planar power spectrum [194, 195]:









was used in analogy to Yoon et al. and Pecreux et al. The fluctuation spectrum for
planar membranes can also be used to characterize vesicles [194]. Both spectra differ
less than 15% for modes q ≥ 4 [195]. The fluctuation spectrum (eqn. 3.19) shows a
limiting behavior: 〈|V (q)|2〉 scales ∝ q−3 for bending dominated modes and 〈|V (q)|2〉
∝ q−1 for tension dominated ones [195].
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Fig. 3.9: Bending dominated regime for a GPMV extracted from isolated primary breast
cancer cells. (a) Mode number q dependence of the bending rigidity κ of a GPMV. The modes in the
red box (7 ≤ q < 16) show the intermediate regime. The regime was employed to calculate the bending
rigidity of the GPMVs. In this regime, κ is practically independent of the mode number (dashed line)
and the statistical variance of the fluctuation amplitude scales as ∝ q−3. Error bars are only given for
the intermediate regime. The calculated bending rigidity using eqn. 3.15 with neglecting tension is
κ = (1.37± 0.14) · 10−19J . (b) Mean-square amplitude of the Fourier coefficients shown as function of
the mode number. The gray line shows the fit of the data using eqn. 3.19. The values obtained from
the fit for tension and bending rigidity are σ = (8.69± 1.76) · 10−7Nm−1 and κ = (1.46± 0.28) · 10−19J .
[169]
3.5 Mass Spectrometry
Mass spectrometers ionize analytes of interest and measure the mass-to-charge ratio of
the produced ions. A typical mass spectrometer consists of an ion source, a mass analyzer
and a detection system [196]. Mass spectrometry has established itself to be an essential
analytical method in biophysics since it became possible to ionize large biomolecules
such as lipids and peptides in the 1980s. In the present thesis two mass spectrometers
differing in ion generation and detection were used. Matrix-assisted laser desorption and
ionization time-of-flight mass spectrometry (MALDI-TOF MS) was used to characterize
the lipid composition of primary cells and electrospray ionization (ESI) tandem mass
spectrometry to characterize the lipid composition of cell lines. Primary cells contain
much more impurities compared to cells obtained from cell lines. MALDI-TOF MS
proved to be less sensitive to impurities compared to ESI tandem MS and was therefore
used as method of choice characterizing cells obtained from primary tissue.
48
3.5 Mass Spectrometry
3.5.1 MALDI-TOF Mass Spectrometry
MALDI-TOF MS was developed in the late 1980s and is an established soft-ionization
method [197–199]. The MALDI technique allows measurements without significant
fragmentation of the analytes [200]. MALDI-TOF MS measurements were performed in
close cooperation with PD Dr. Jürgen Schiller from the medical faculty in Leipzig.
The generation of ions using the MALDI-technique is processed in three steps. First,
the analyte is mixed (co-crystallized) with an organic matrix and fixed on a metal
target plate. The matrix consists of molecules which strongly absorb the used laser light.
Second, a laser illuminates the matrix/sample mixture and triggers its ablation and
evaporation. In a last step, the sample is ionized via proton transfer in the hot plume
of the excited matrix [201]. The resulting ions in the gas phase are accelerated in an
electric field by voltage U . The ionization principle is illustrated in fig. 3.10 (a). The
velocity of the ions v depends on the mass m to charge q ratio of a molecule:
Eel = Ekin (3.20)







d is the distance of the flight. In order to determine the ratio, the measured time-of-flight






Prior mass spectrometry, primary cells were grown to approximately 90% confluency
in 75 cm2 tissue culture flasks (TPP, 90076). The detaching of the cells from the flask
was performed as discussed in section 3.2.2. The obtained cell suspension (fig. 3.11 (a))
was processed further by the Bligh and Dyer method to extract the lipid moiety of the
cells [171]. 1ml cell suspension was mixed with chloroform and methanol (1 : 1 : 1) and
shaken until a phase separation was observed (fig. 3.11 (b)). The lower phase contains
lipids and chloroform and was transferred in a glass test tube using a Hamilton syringe
(fig. 3.11 (c)).
About 600 µl of the obtained phospholipid extracts (about 5 · 106 primary breast or
cervical cells per experiment) were dried under vacuum and subsequently re-solubilized
in 10 µl matrix solution (2,5-dihydroxybenzoic acid (DHB, 0.5M in methanol, Sigma-
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Fig. 3.10: Principles of MALDI TOF MS and ESI MS. (a) Illustration of ion generation using
the MALDI technique. The analyte (violet) is embedded in a matrix (green) and fixed on a target plate.
The pulsed nitrogen laser (red) evaporates the matrix and ionizes the analyte. Adapted from [202].
(b) Illustration of ion generation using the ESI technique. An electric field at the tip of the capillary
charges the analyte/liquid mixture and an electron spray is formed. While the solvent evaporate quasi
molecular ions are formed and analyzed via a quadrupole analyzer. Adapted from [203].
Aldrich, 39319)) [204]. Subsequently, 1 µl of the analyte/matrix mixture was fixed onto
a gold-coated MALDI target plate. A laser evaporates the matrix instantaneously and
ionizes the sample.
To avoid assignment problems (interferences between differences in the fatty acyl
compositions of lipids and the simultaneous generation of H+ and Na+ adducts), selected
measurements were repeated with the same DHB matrix solution that has been saturated
with CsCl (ICN, 150589) as discussed in [205]. All MALDI-TOF mass spectra were
measured with a Bruker Autoflex MS system (Bruker Daltonics, Germany). The system
contains a pulsed nitrogen laser (emission at 337 nm). All analyses were carried out in
the reflector mode utilizing delayed extraction conditions. Only positive ion spectra
were recorded using the program "Flex Analysis" version 2.2 (Bruker Daltonics). The
intensities of the measured peaks were normalized to the intensity of the most intense
peak. Further information regarding MALDI MS measurements of lipids can be found
in [200].
3.5.2 ESI Mass Spectrometry
ESI is also an soft-ionization method allowing MS measurements of large and fragile
polar molecules without a high fragmentation of the sample [206]. ESI tandem MS
measurements were performed in close cooperation with Prof. Dr. Oliver Werz and Dr.
50
3.5 Mass Spectrometry
Fig. 3.11: Preparation of cellular lipid extracts. (a) Cell suspension obtained from cell culture.
(b) Cell suspension mixed with chloroform and methanol. (c) Isolated lipids solved in chloroform.
Andreas Koeberle from the institute of pharmacy in Jena.
In order to generate ions with the ESI technique, the analyte is mixed with water and
organic solvents. The mixture is emitted from a needle carrying a potential difference
relative to a cylindrical electrode. The electric field at the needle tip charges the surface
of the liquid mixture and forms a spray of charged droplets (aerosol). The highly charged
droplets pass through chambers of decreasing pressure and the solvent evaporate until
the droplets become unstable (Rayleigh limit). At the Rayleigh limit the electrostatic
repulsion dominates the surface tension holding the droplet together and the droplet
collapse into more stable smaller ones (Coulomb explosion). One droplet can undergo
this process several times. If the droplet becomes small enough the surface charge
density and the droplet desorbs ions into the gas phase. The quasi molecular ions are
suitable for a quadrupole mass analysis. The ionization principle is illustrated in fig.
3.10 (b). [206]
In the present experiments the lipid moiety of cell lines was extracted by reversed
phase liquid chromatography and detected by ESI tandem MS [207]. The obtained cell
suspension was supplemented with water, methanol, chloroform and saline (14 : 34 : 35 :
17). The organic part was evaporated and the rest dissolved and mixed with methanol.
The extracted lipid moiety was separated on an Acquity UPLC BEH C8 column (1.7 µm,
1×100mm, Milford, MA) using an AcquityTM Ultraperformance liquid chromatography
system (Waters, Milford, MA) [208]. The chromatography system was connected to
a quadrupole mass spectrometer QTRAP 5500 (AB Sciex, Germany) containing an
ESI source. Tandem is a method that isolates ions with defined mass-to-charge ratio
(precursor ions), fragments them, and then measures the mass-to-charge ratio of the
resulting product ions [209]. Multiple reaction monitoring (MRM) was employed to
detect the fatty acid anion fragments [210]. The strongest transition was used for
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the analysis. Raw data were processed using Analyst 1.6 (AB Sciex, Germany). The
described method was optimized to compare lipid species between samples.
3.6 Migration, Invasion and Cell Death Assays
Boyden chamber assays are experimental tools suitable for the characterization of the
migration behavior of cells. They consist of two chambers which are isolated by a
filter [211]. Motile cells had been seeded in the upper chamber and were allowed to
migrate through the pores into the lower one. A stimulation substance is placed in the
lower chamber. The appropriate pore diameter of the filters was chosen in accordance
to the cell size. In order to model a physiological environment for the motile cells
involving the cytoskeleton the filter is often covered with collagen. A typical Boyden
chamber is illustrated in fig. 3.12. Migration and invasion assays were performed in close
cooperation with Dr. Simone Braig, Katharina Stoiber and Prof. Dr. Angelika Vollmar
from the department of pharmacy of the LMU Munich. Soraphen A was isolated from
myxobacteria (Sorangium Cellulosum) [212] by the group of Prof. Dr. Rolf Müller from
the Saarland University as described in [25] and dissolved in ethanol.
About 2 · 105 malignant T24 and MDA-MB-231 cells were seeded in 6-well plates and
stimulated with 100 nM and 1 µM Soraphen A for 2 h. Filters with a pore size of 5 µm
were used for the T24 cells and 8 µm for the MDA-MB-231 cells. For the migration
assays Soraphen A incubated cells were detached and plated into uncoated Boyden
chamber filters and allowed to invade or migrate towards a 10% FCS + 100ng ml−1
EGF gradient. For the analysis of invasion modified Boyden chambers with matrigel
coated filters were used. The cells were allowed to migrate for 4 h (MDA-MB-231) or 16 h
(T24), respectively. Both cell lines were allowed to invade for 24 h. Non-migratory or
non-invading cells were eliminated from the upper filter compartment with a cotton bud.
Crystal violet staining was applied to visualize invading and migrating cells. Finally,
the cells were counted.
Migration and invasion experiments were repeated three times. The data are expressed
as means ± SEM (standard error of the mean) and analyzed with one-way analysis of
variance and Tukey HSD post hoc or Student‘s t test. p values < 0.05 were considered
as significant.
Cell death rates were measured with propidium iodide (PI) exclusion assays. Propidium
iodide is a membrane impermeant dye that is generally excluded from living cells [214].
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Fig. 3.12: Illustration of a Boyden chamber. A typical Boyden chamber consists of upper chamber
(green), a filter and a lower chamber (gray). The lower chamber is filled with a stimulation substance.
Cells (red) are seeded on a filter. The filter can be coated with matrigel (yellow). Adapted from [213].
PI penetrates damaged, permeable membranes of non-viable cells and binds to double
stranded DNA. In the present experiments cells were incubated for 24 h with increasing
concentrations of Soraphen A, washed, stained with 50 µg ml−1 PI, and analyzed via flow
cytometry using a fluorescence-activated cell sorting (FACSCalibur, Becton Dickinson,
Germany).
3.7 Langmuir-Blodgett Technique
If phospholipids are placed at a air-water interface they form self-organized structures
such as monolayers (section 2.2.2). Monolayers act as simple model systems mimicking
biological membranes. They are accessible for methods such as Langmuir trough
technique in combination with film balances and fluorescence microscopy. Langmuir
trough technique allows the characterization the lateral organization of lipid membranes
on a micrometer scale as well as their interactions with specific membrane proteins. [81]
In the present thesis Langmuir trough technique was used to study the regulating
binding and unbinding cycle of MARCKS (section 2.4.4).
3.7.1 Langmuir Troughs and Film Balances
A well-suited tool to prepare monolayers at a air-water interface and to study their phase
behavior and pattern formation is Langmuir trough technique [215]. Langmuir troughs
are built up of polytetrafluorethylen (PTFE) and one or two movable barriers. The
trough can be filled with water or buffer solution and the barriers control the surface area
A available to the monolayer. PTFE is a strongly hydrophobic and inert material which
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Fig. 3.13: Working principle of Langmuir trough technique. (a) Sketch of a Langmuir trough
combined with a film balance. Moveable barriers control the surface area A available to the monolayer.
The film balance monitors the lateral pressure π. (b) Illustration of the Wilhelmy-plate method. The
plate is partially immersed in the subphase. Adapted from [81, 215].
prevent monolayer to move beneath the barriers and any contamination of the subphase.
The monolayer is placed on top of the buffer solution called subphase. The combination
of a Langmuir trough with a film balance allows continuous monitoring of the monolayers’
lateral pressure π. A sketch of a Langmuir trough and a film balance is given in fig. 3.13
(a). Film balances are often equipped with Wilhelmy-plates which measure the lateral
pressure π as a function of the appropriate surface area A. Wilhelmy-plates are sensor
plates (made of filter paper or metal) which are partially immersed in the subphase and
hold at constant position (fig. 3.13 (b)). [81]
The lateral pressure π can be calculated from the total force ~F appeared to the
Wilhelmy-plate [81, 215]. This total force ~F consists of a weight force term ~Fg of the
plate, the buoyancy force term ~FA resulting from the immersed part of the plate and
the surface tension term ~Fγ:
~F = ~FG + ~FA + ~Fγ. (3.23)
The z-component of the total force ~F is given by [81]:
Fz = mpg − ρSgVp + 2γ(wp + tp) cos(Θ), (3.24)
where g is the gravitational acceleration, Θ the contact angle of the subphase liquid on
the Wilhelmy plate, ρS the density of the subphase, mp the mass of the plate and Vp
the volume of the plate immersed in subphase. wp and tp describe the width and the
thickness of the Wilhelmy plate. Hereby the first two terms of equation 3.24 can be
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assumed as constant. ~FG is calculated before starting an experiment and a constant
buoyancy force ~FA can be assumed because the film balance holds the plate at the
same position during a measurement. For thin (tp = 0) and completely wetted (Θ = 0)
Wilhelmy plates equation 3.24 simplifies to:
Fz = 2γwp + C. (3.25)
Measuring a force difference ∆F appeard to the plate between the pure subphase liquid
Fz0 and subphase with the monolayer on top Fz and using the definition of the lateral
pressure (see equation 2.4) lead to:
∆F = Fz0 − Fz (3.26)
= 2γ0wp + C − 2γwp − C (3.27)
= 2wp(γ0 − γ) (3.28)
= 2wpπ. (3.29)
Finally the lateral pressure π can be calculated from the total force F and the width of
the Wilhelmy plate [81, 215]:
π = ∆F2wp
. (3.30)
Equation 3.30 shows that film balance measurements allow to obtain information about
the lateral organization of the membranes by measuring the force acting on the Wilhelmy
plate. The next section describes in detail the preparation of the monolayer experiments.
3.7.2 Experimental Setup and Monolayer Preperation
After accurate cleaning of the PTFE trough and the barriers with 1% Hellmanex solution
(Hellma Analytics, 9-307-011-4-507) the trough was extensively rinsed with ultra pure
water (Integral 5, Merck Millipore, ρ > 18MΩ cm). Dust particles and surface active
residues were removed from the surface using a membrane pump while the barriers
were closed. This process was repeated until the lateral pressure π increased during a
full compression less than 0.2mN m−1. Cleaning the Langmuir trough equipment is a
very important preparation step because even a small contamination of the monolayer
could lead to artifacts during the experiments. In order to reduce dust contamination
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Fig. 3.14: Image of the Langmuir trough setup. (a) Spreading process using a Hamilton syringe.
The Langmuir trough and the two barriers used in the present experiments can be seen in the front
(white). The plexiglas box in the background was used to enclosed the experimental setup after
spreading. (b) Fluorescence microscope from Olympus, the Langmuir trough with the film balance and
the active vibration isolating system. The trough was connected to a heating bath (red tubes on the
left side) and the temperature was measured with a sensor in the trough (white cable).
and drifts on the surface, the trough and the film balance were enclosed by a plexiglas
box. The setup was stabilized with an active vibration isolating system (NFT Nanofilm
Technologie GmbH, Germany).
After cleaning, the trough was filled with a subphase until a small meniscus had formed.
The desired subphase temperature of 22 ◦C was adjusted with a trough connected heating
bath. Then, an exact defined volume of solved lipids (120Å2 /molecule) was carefully
spread, drop by drop, onto the air/subphase interface. The spreading process was
performed with a Hamilton syringe (fig. 3.14 (a)). Spreading describes the distribution
of phospholipids at the subphase while the lipid solution rapidly covers the available
area. After spreading, the solvent could evaporate for at least 10min and the monolayer
self assembled. Afterwards, the monolayer was compressed with a barrier speed of
approximately 2Å2 /(molecule min) to a predetermined target pressure above the main
phase transition between LE and LC phase. The ratio between both phases was estimated
with GIMP (version 2.8, USA). A slow and constant compression promotes an regular
growth and a homogeneous distribution of lipid domains [94]. A second possibility to
create monolayers is spreading the lipid solution directly to a target pressure.
For the present experiments a rectangular Langmuir trough (KSV NIMA, Minimicro
LB system 195mm× 51mm× 5mm) with a subphase volume of 70ml and a maximum
surface area of 100 cm2 was used. The experimental setup is shown in fig. 3.14 (a). A
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small port in the trough allows the injection of subphase components without pene-
trating the monolayer with a Hamilton syringe. The investigation of the mesoscopic
morphology of the monolayers was performed with epifluorescence microscopy (fig. 3.14
(b)). Monolayer experiments were repeated three times. The next section describes the
composition of the used subphases and the preparation of the phospholipid solutions.
3.7.3 Phospholipids, Dyes and Buffer Solutions
In order to study the regulating binding and unbinding cycle of MARCKS to a membrane
containing PIP2, we have chosen the electrostatically neutral glycerophospholipid DPPC
as matrix for the charged lipid. DPPC shows a coexistence of LE and LC phase
comparable to lateral heterogeneities in plasma membranes. DPPC (Avanti Polar Lipids,
850355P) was dissolved in a chloroform (Merck, 102447) and methanol, ratio 4:1 (Merck,
106002) to a final concentration of 1 g/l. PIP2 (Sigma-Aldrich, P7115) was dissolved in
chloroform, methanol and ultra pure water (ratio 10:10:1) to a final concentration of
0.1 g/l. Prior to an experiment a lipid mixture containing 90mol% DPPC and 10mol%
PIP2 was prepared. Control experiments were performed with pure DPPC monolayers.
The used membrane lipids DPPC and PIP2 are both saturated and have the same chain
length. This ensures a stable conformation during the long time experiments and avoids
mismatches in the mixed solutions. The large chain lengths of the lipids further avoid
potential disturbances by the Marangoni effect [216].
The coexistence of LE and LC phase in the mixed monolayers was visualized with
1mol% Rhodamine 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (DHPE). The fluorophore Rhodamine DHPE (Invitrogen, L1392) was
dissolved in chloroform to a concentration of 0.1 g/l. The lateral distribution of PIP2
in the DPPC matrix was visualized with BODYPI labeled PIP2 (Echelon, C-45F6a).
The labeled PIP2 consists of the same inositol derivate as present in the unlabeled form.
Different counter ions in the labeled (triethylammonium) and the unlabeled (ammonium)
form should not have significant influence on the behavior of PIP2, since the dissolved
species were used. Labeled PIP2 was dissolved in chloroform, methanol and ultra pure
water (ratio 10:10:1) to a final concentration of 0.1 g/l.
To guarantee physiological and stable conditions during the experiments a buffer
solution was used as monolayer subphase. Further, the net charge of PIP2 depends
strongly on the pH value (section 2.4.2). The buffer solution was composed of 100mM
NaCl, 10mM HEPES, 1mM CaCl2 and 5mM ATP (Sigma-Aldrich, S2383). The
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substances were dissolved in ultra-pure water and the solution was adjusted to pH
7.4. ATP acted as phosphate source providing phosphate ions for the phosphorylation
of MARCKS by PKC as described in section 2.4.4. The peptide sequence MARCKS
(151-175) which is responsible for the electrostatic interaction with the membrane [63]
was obtained as lyophilized powder (AnaSpec, 22576) and dissolved in ultra pure water.
The MARCKS (151-175) solution was checked every six months using MALDI-TOF MS
to exclude a fragmentation of the peptide. 25 nM or 100nM MARCKS (151-175) was
supplemented to the subphase. Subsequently, 4 µM PKC (Enzo Life Sciences, BML-
SE111) could be added to the subphase through the injection port of the Langmuir
trough. The enzyme is activated by Ca2+ in the subphase. Control experiments were
performed with 0.1mM ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, E4884)
instead of CaCl2 in the subphase. EDTA forms stable complexes with Ca2+ (chelating
agent) and eliminate free ions [217].
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4.1 Cell Membrane Softening in Human Breast and
Cervical Cancer Cells
Mechanical properties are key to cellular functions like cell motility and cell division
and thus, are fundamental in the development and understanding of many diseases,
such as cancer [5, 218, 219]. In the following sections the experimental results from
the Fourier fluctuation analysis of exited membrane undulations and MALDI-TOF MS
measurements are presented and discussed. In section 4.1.1 primary cell membranes
obtained from tumor samples of cervical and breast cancer patients were analyzed
concerning their bending rigidity and compared with experiments from two different
mammary epithelial cell lines. One malignant (MDA-MB-231) and one non-malignant
(MCF-10A) cell line were used as a reference system. Cell culturing and membrane
isolation of the used primary cells and cell lines are described in section 3.2. For the breast
and cervical tumors, corresponding healthy epithelial cells from the same person were
used as reference allowing to neglect possible artifacts caused by the physical condition
of the patient. The sum of these measurements and the experimental procedure allow a
comparison of the bending rigidity of cellular membranes obtained from malignant and
non-malignant cells. The molecular background of the bending rigidity measurements
is studied in section 4.1.2. In this section the phospholipid content of malignant cells
in contrast to their non-malignant counterparts is analyzed via MALDI-TOF mass
spectromety. The phospholipids were analyzed concerning the degree of desaturation
and the length of fatty acyl chains. The obtained results are discussed and set in
context with previous research in section 4.1.3. The studies presented in section 4.1
were published in [169].
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4.1.1 Bending Rigidity of Human Beast and Cervical Cell
Membranes
Malignant and healthy primary tissue was obtained from cancer patients in the University
Hospital Leipzig and processed further to a cell monolayer as described in section 3.2.1.
Prior to the experiment GPMVs were derived from the epithelial cells by vesiculation.
Most of the produced GPMVs had radii between 5 µm and 15 µm. Based on the GPMV
contours analyzed via phase contrast microscopy, membrane rigidities κ were computed
by Fourier analysis of exited membrane fluctuation. In the present experiments, only
flaccid GPMVs with a low excess area Aδ compared to the minimal spherical shape were
measured to avoid vesicles under tension.
Figures 4.1 (a) and (b) present bending rigidity measurements of vesicles obtained
from primary breast and cervical cells. The red bars illustrate cancer cell membranes
and the black bars healthy ones. The results are shown as relative frequency count over
bending rigidity κ. GPMVs obtained from malignant MDA-MB-231 and non-malignant
MCF-10A breast epithelial cell lines, were analyzed as reference systems. The results
are presented in fig. 4.1 (c). The used cell lines are an established model system to
compare biophysical properties of malignant and non-malignant cells [220]. GPMVs
from malignant (N = 44) and non-malignant (N = 36) primary breast cells as well
as malignant (N = 31) and non-malignant (N = 34) ones from primary cervical cells
were analyzed. For healthy primary breast and cervical cells a significantly decreased
number of GPMVs with lower membrane rigidities compared to GPMVs obtained from
cancer tissue of the same patient was found. The cell membrane softening in human
cervical and breast cancer cells was confirmed by the model breast epithelial cell lines
as shown in fig. 4.1 (d). In these experiments 75 vesicles from MCF-10A and 79 from
MDA-MB-231 cells were measured.
The bending rigidities of primary breast and cervical cell membranes show a decreased
median by a factor of 2 for cancer cells compared to healty cells (fig. 4.1 (a) and 4.1 (b)).
It was measured κ = 3.2× 10−19 J for vesicles from non-malignant and κ = 1.7× 10−19 J
for vesicles from malignant primary breast cells (mean deviation from the median
MD = 2.5× 10−19 J and MD = 1.6× 10−19 J, respectively). It was further measured
κ = 6.2× 10−19 J for vesicles from non-malignant and κ = 3.7× 10−19 J for vesicles
from malignant primary cervical cells (MD = 3.3× 10−19 J and MD = 3.1× 10−19 J,
respectively). The membrane softening was also observed for GPMVs obtained from
malignant MDA-MB-231 and non-malignant MCF-10A breast epithelial cells resulting
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Fig. 4.1: Biomechanical behaviour of human carcinoma cell membranes (red) in contrast
to membranes obtained from non-malignant cells (black). Distribution of bending elastic
moduli κ of GPMVs obtained from (a) primary breast epithelial cells, (b) primary cervical epithelial
cells and (c) breast epithelial cell lines MDA-MB-231 and MCF-10A. Primary malignant and non-
malignant cells within one distribution diagram were obtained from the same patient. Values of bending
elastic moduli show the median of the distribution. (d) Boxplots of bending elastic moduli κ of GPMVs
obtained from primary cells and cell lines displaying upper quartile, median, mean value, lower quartile,
and a 10 to 90% whisker range. (Mann-Whitney U test, * p < 0.05, ** p < 0.01, *** p < 0.001) [169]
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in a threefold decreased median. A median bending rigidity of κ = 4.5× 10−19 J was
calculated for GPMVs from MCF-10A cells and κ = 1.3× 10−19 J for vesicles from
MDA-MB-231 cells (MD = 1.4× 10−19 J and MD = 1.2× 10−19 J, respectively).
4.1.2 MALDI-TOF Analysis of Lipid Composition
In order to study the presumption of causality between bending rigidity κ and phos-
pholipid content of malignant cells in contrast to their healthy counterparts, positive
ion MALDI-TOF soft-ionization MS was applied for all analyzed samples. The mea-
surements were carried out in close cooperation with PD Dr. Jürgen Schiller from the
medical faculty in Leipzig. The MALDI-TOF MS technique and the sample preparation
are described in section 3.5.1. In the present thesis relative proportions of the particular
phospholipids were easily found out by comparison of the MS peak intensities. The
MALDI-TOF mass spectra showed two significant results. First, the SM 16:0 content
in primary cancer cells was 30%–40% reduced compared to healthy ones. All alter-
ations were normalized to the base peak corresponding to the most frequently occurring
membrane phospholipidlipid, PC (16:0/20:4). The observed effect is shown in fig. 4.2.
Moreover, an increased relative amount of PC with shorter fatty acid chain lengths
was determined in cancer cells in contrast to healty cells. Apart from the fatty acid
acyl chain lengths, an increased relative amount of fatty acids with a lower degree of
desaturation was measured in cancer cells in contrast to healthy ones of the same patient
(see fig. 4.2).
4.1.3 Summary and Discussion
In the present thesis two established and sensitive methods were employed to analyze
GPMVs. MALDI-TOF mass spectromety and flicker spectroscopy of thermally exited
membrane undulations were applied to study a potential correlation between the bending
rigidity of cell membranes and the migratory potential of cells.
The experimental results demonstrate a correlation between the mechanical property
bending rigidity of plasma membranes and the malignancy of the corresponding cells.
The bending rigidities of primary mammary and cervical cancer plasma membranes
determined via Fourier fluctuation analyzes, show a decreased median rigidity by a factor
of two compared to non-malignant membranes. The obtained data are in line with the
measured membrane softening in the established reference system including the breast
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Fig. 4.2: Positive ion MALDI-TOF mass spectra of primary cells. Positive ion MALDI-TOF
mass spectra of primary cells. Mass spectra show the mass ranges of most common phospholipids such
as phosphatidylcholines PC 16:0/18:1 and PC 16:0/20:4 as well as sphingomyelin 16:0. m refers to the
molecular mass number and z to the charge number. Mass spectrum of (a) normal primary mammary
cells and (b) primary mammary carcinoma cells obtained from the same patient. Mass spectrum of (c)
normal primary cervical cells and (d) primary cervical carcinoma cells. [169]
epithelial cell lines MDA-MB 231 and MCF-10A. The larger statistical variance in the
membrane rigidity data obtained from primary cell populations (MD = 1.6× 10−19 J to
3.3× 10−19 J) compared to the model cell lines (MD = 1.2× 10−19 J and 1.4× 10−19 J)
can be attributed to a naturally occurring higher heterogeneity in the primary samples.
Previous studies concerning the biomechanics of lipid membranes were typically per-
formed on synthetically produced giant vesicles. These vesicles were mostly composed
of purified lipids [16, 17]. The novel aspect of this thesis is that the used giant plasma
membrane vesicles received from patients by surgical excision at the hospital have a
more physiological composition. This new approach enables to draw direct conclusions
regarding the membrane biomechanics of cells. The use of tumor and healthy tissue of
the same person obtained within one biopsy, avoided possible artefacts in the validation
of biomechanical changes caused by physical condition.
A decreased membrane rigidity is an essential pre-condition for alternative amoeboid
modes of cell motility like blebbing motion [221]. This alternative movement type goes
hand in hand with pathological mutations like cancer [222, 223] and enables tumor
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cell migration through the extracellular matrix or connective tissue [224]. The present
investigations allow the conclusion that the significance of the plasma membrane in
cancer cell invasion and migration might be underestimated. This results are consistent
with a recent publication on migration and invasion of malignant cell lines [184].
MALDI-TOF mass spectrometry analyzes demonstrate a lower amount of SM 16:0 in
primary tumor cells in contrast to healthy ones. This obtained result is in accordance
with Barcelo-Coblijn et al. [24]. An increased level of SM in plasma membranes decreases
the membrane mobility [225]. SM is enriched in microdomains called lipid rafts [70]
and constitutes a more crystalline state of fluid membranes. For this reason, it can be
presumed that the SM amount is crucial for the reduced bending rigidity of GPMVs
obtained from cancer cells. Moreover, the MALDI-TOF MS measurements showed an
increased relative amount of PC species with shorter acyl chains in malignant cells. An
increment in acyl chain length weakens the interaction between the hydrocarbon chains
by van der Waals forces and as a consequence it lowers the bending rigidity of the cellular
membrane. Short-chain fatty acids should act like a hinge and are more bendable in a
cell membrane. Therefore, both properties SM ratio and fatty acyl chain lengths, result
in a more flexible cell membrane. But on the contrary to the results, the increased
proportion of PCs with a lower degree of desaturation analyzed by MALDI-TOF mass
spectrometry, should yield a higher packing density and lead to increased membrane
rigidity [4]. Based on the observed correlation analyzed between plasma membrane
softening and malignancy it is concluded that the SM content and the fatty acyl chain
length have a stronger effect on membrane rigidity than the degree of desaturation in
the PC species. These interpretation, that the fatty acyl chain length stronger influences
membrane rigidity in contrast to the number of double bonds is supported by a study
about pharmacological targeting of membranes’ bending modulus will be presented in
the next section 4.2. Furthermore, Gracià et al. suggested that transmembrane proteins
do not change the membrane rigidity significantly [17] and thus, proteins could not be
responsible for such large differences in membrane rigidity.
The reported alterations in the proportion of the phospholipids in malignant cells
not only impact the biomechanical properties of plasma membranes, but also affect cell
signaling by reducing lipid rafts [69]. The down-regulation of raft associated phospholipids
should promote a faster cell signaling. Both effects might have a fundamental role in
cancer progression and thus, are potential oncology targets.
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4.2 Targeting of Membrane Rigidity – Implications
on Migration
The metastatic potential of cancer cells is strongly correlated with cellular stiffness [226],
a physical property that is not only regulated by the biomechanical impact of the actin
cytoskeleton but also impacted by the bending rigidity κ. In order to study the specific
role of membranes’ bending rigidity in cancer progression, malignant epithelial cell lines
MDA MB 231 and T24 were treated with Soraphen A. In section 4.2.1 the effect of the
ACC1 inhibitor Soraphen A on the phospholipidom of the malignant epithelial cell lines
is analyzed via ESI Tandem mass spectrometry. The phospholipids were investigated
concerning the degree of desaturation, the length of fatty acyl chains and the total
phospholipid content. The impact of the ACC1 inhibitor on the biomechanical properties
of the whole cells and their plasma membranes is studied in section 4.2.2. In order to
determine the bending rigidity of the plasma membranes Fourier fluctuation analyzes of
thermally exited membrane undulations were performed. GPMVs were used as model
system for the membrane measurements. Cell culturing and vesiculation is described in
section 3.2. Further, optical stretcher measurements were conducted to determine the
creep deformation response J (t) of whole intact cells in the presence of a cytoskeleton.
Invasion, migration, and cell death assays were carried out to relate the obtained results
to functional consequences. In section 4.2.3 the functional impact of Soraphen A on
metastatic potential of carcinoma cells is investigated with Boyden chamber assays. The
results presented in section 4.2, are discussed in context with former publications in
section 4.2.4 and were published in [184].
4.2.1 ESI Tandem Analysis of Lipid Composition
In order to analyze whether alterations in the ratio of phospholipid species in cellular
membranes affect the biomechanical properties of malignant cells and thus their ability
to metastasize, in the first step, the mammary epithelial cancer cell line MDA MB-231
was incubated for 6h with Soraphen A, and a detailed study of the lipid composition
was carried out with ESI tandem mass spectrometry. The ESI tandem MS technique
and the sample preparation are described in section 3.5.2. The measurements were
carried out in close cooperation with Prof. Dr. Oliver Werz and Dr. Andreas Koeberle
from the institute of pharmacy in Jena. The ESI tandem mass spectra showed three
important results. First, Soraphen A does not change the total phospholipid content
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Fig. 4.3: Effect of Soraphen A on the phospholipid composition of MDA-MB-231 cells.
Cells (5× 106) were treated with vehicle only (ethanol; (b)–(e) white bars) or Soraphen A (100 nM;
(a)–(e) dark bars) for 6 h. Extracted phospholipids were analyzed by liquid chromatography ESI tandem
mass spectrometry. (a) Total signal intensities of phospholipid subclasses in Soraphen A-treated cells.
Total phospholipid subclass intensities combine the intensities of all species of the respective subclass
and were normalized to the number of cells. 100% corresponds to the signal intensities of vehicle-treated
cells and is based on relative units. (b)–(e) Distribution of phospholipid species depending on their
desaturation. Summarized signal intensities are given relative to the total phospholipid subclass intensity.
(Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001) [184]
with exception of phosphatidylserine (PS). The total phospholipid content was analyzed
as sum of all species detected. The obtained result is in contrast to former publications
regarding the effect of the ACC1 inhibitor on the phospholipid composition after long
treatment times of 72 h [28]. The PS levels were slightly but non-significantly increased.
The total signal intensities of the phospholipid species are presented in fig. 4.3 (a).
Second, an increased relative amount of fatty acids with a higher degree of desaturation
was measured in all detected phospholipid species after incubation with Soraphen A.
An overview of the analyzed species and the behavior of degree of desaturation after
Soraphen A treatment is given in figures 4.3 (b) - 4.3 (e).
Moreover, a strong alteration of the membranes’ phospholipid composition was mea-
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Fig. 4.4: Effect of Soraphen A on the phospholipid composition of MDA-MB-231 cells.
Cells (5 × 106) were treated with vehicle only (ethanol; white bars) or Soraphen A (100 nM; dark
bars) for 6 h. Extracted phospholipids were analyzed by liquid chromatography ESI tandem mass
spectrometry. (a) – (d) Distribution of phospholipid species depending on their fatty acid chain length
(Student’s t-test, * p < 0.05, *** p < 0.001). The proportion of phospholipid species (=relative intensity)
is given as a percentage of the sum of all species in the respective subclass (=100%). [184]
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sured after the short Soraphen A incubation time of only 6h. The major phospholipid
subclasses phosphatidylethanolamines (PE), phosphatidylcholines (PC), phosphatidylser-
ines (PS), and phosphatidylinositols (PI) were analyzed. The results are summarized in
fig. 4.4 (a) – 4.4 (d). An increased proportion of phospholipids with longer fatty acyl
chain lengths was detected, whereas the relative amount of phospholipids with shorter
acyl chains significantly decreased after incubation with Soraphen A.
4.2.2 Biomechanical Behavior of Whole Cells and Membranes
Since glycerophospholipids are a major component of cell membranes, it is assumed that
Soraphen A induced alterations in the relative proportions of particular phospholipids
might impact bending rigidity κ of membranes and creep deformation response J (t) of
whole intact cells.
Hence, by evaluating thermally excited membrane undulations [186], bending rigidity
of plasma membranes was calculated as introduced in section 3.4. In order to eliminate
effects such as restrains resulting from the underlying cytoskeleton, membrane rigidity
measurements were performed using GPMVs [14]. As discussed in section 2.2.4 GPMVs
contain numerous phospholipids and proteins in contrast to artificial vesicles and are
devoid of cortical actin assembly [13]. These vesicles allow interaction-free analyzes
of membrane rigidity via flicker spectroscopy, an established method to calculate the
bending rigidity κ of thermally excited membranes by observing their contours. Fig. 4.5
shows the scaling behavior for representative vesicles obtained from MDA-MB-231 and











scales ∝ q−3 for the bending dominated regime. qx denotes q/R0. This regime was
employed to estimate the bending rigidity of the GPMVs. Vesicles were obtained from
viable cells by blebbing - an energy, pH, and temperature - dependent process. Membrane
blebbing was chemically induced by PFA as described in section 3.2.3. During this
process a contraction of the cytoskeleton yields a higher hydrostatic pressure inside the
cells and parts of plasma membrane detach from the cytoskeleton [100]. The majority
of the analyzed GPMVs had diameters between 10 µm and 30 µm.
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Fig. 4.5: Bending dominated regime. The mean square amplitude 〈|h (qx)|2〉 of the contour
fluctuation modes versus the wave vector qx. GPMVs from: MDA-MB-231 untreated cells (a), MDA-
MB-231 cells treated with 1 µM Soraphen A (b), T24 untreated cells (c) and T24 cells treated with
1 µM Soraphen A (d). The solid line correspond to the fit of the data using eqn. 3.19. Each panel
corresponds to the result of a single GPMV. [184]
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Two aggressive epithelial cancer cell lines were incubated with 1 µM Soraphen A for
2h. Malignant MDA-MB-231 breast cells and malignant T24 urinary bladder cells were
used. 30 GPMVs incubated with Soraphen A and 28 Soraphen A free vesicles obtained
from T24 cells were analyzed and 45 treated and 48 untreated vesicles for MDA-MB-231
cells, respectively. Remarkably, the Soraphen A did not apparently impact the efficiency
of the blebbing process. Fig. 4.6 (a) and 4.6 (b) present bending rigidity measurements
of vesicles obtained from MDA-MB-231 and T24 cells. The red boxes illustrate cancer
cell membranes treated with Soraphen A and the black ones the untreated counterparts.
The bending rigidities of cell membranes obtained from Soraphen A incubated cells show
an increased median by a factor of 2 compared to untreated vesicles. It was measured
κ = 2.2× 10−19 J for treated vesicles from MDA-MB-231 cells and κ = 1.0× 10−19 J for
untreated counterparts (fig. 4.6 (a)). The same trend was observed for vesicles from
T24 cells. A median bending rigidity of κ = 4.4× 10−19 J was measured for vesicles
incubated with Soraphen A and κ = 2.3× 10−19 J for untreated GPMVs (fig. 4.6 (b)).
The experimental results suggest that the inhibition of ACC1 and the induced alteration
of the relative amount of phospholipid species increases the bending rigidity of plasma
membranes.
In addition to flicker spectroscopy measurements, optical stretcher experiments were
carried out to analyze whole cell creep deformations and thus stiffness of whole cells
in the presence of an intact cytoskeleton [193]. As described in section 3.3 cells were
guided in a microfluidic device, serially stopped in the focal plane of the phase contrast
microscope, and trapped by a 100mW laser beam. A single cell deformation experiment
consists of three parts. First, a 1 s trap phase of the cell. The trap is followed by a 2 s
stretch phase with a power of 800mW, and a second trap for 2 s to record the relaxation
behavior. The working principle of the optical stretcher is shown in fig. 3.7 (a). As
presented in fig. 4.6 (c), the creep deformation response of whole intact MDA-MB-231
cells was increased after treatment with 1 µM Soraphen A for 2 h. 101 treated and 137
untreated MDA-MB-231 cells were analyzed. But on the contrary to the MDA-MB-231
cells, Soraphen A did not change median creep deformation response of T24 cells. 157
treated and 185 untreated T24 cells were measured. The results of the optical stretcher
measurements are presented in fig. 4.6 (d). The median creep deformation J (t) was
chosen as most significant parameter characterizing the cell stiffness. J (t) was measured
at the end of the stretch phase (t = 3 s, corresponds to 2 s in the graph). The results
obtained from both cell lines are summarized in fig. 4.6 (e) and (f). The ACC1 inhibitor
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Fig. 4.6: Biomechanical behavior of human carcinoma cells and their plasma membranes
after Soraphen A treatment. Boxplots of bending elastic moduli κ of cell membranes (GPMVs)
obtained from the mammary carcinoma cell line MDA-MB-231 (a) and the bladder carcinoma cell
line T24 (b). Both show the impact of 1 µM Soraphen A on cell membrane rigidity, displaying upper
quartile, median, mean value, lower quartile and a 10% - 90% whisker range for κ (Kolmogorov–Smirnov
test, * p < 0.05). Median relative deformation of whole MDA-MB-231 cells (c) and T24 cells (d) in
optical stretcher measurements plotted over time with 800mW stretch phase from 0 to 2 s. (e), (f)
Comparison of optical stretcher measurements at the end of the stretch phase. (Kolmogorov–Smirnov
test, * p < 0.05, ns: not significant) [184]
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has only influenced bending rigidity of plasma membranes in the malignant urinary
bladder cell line T24, where as in the malignant breast cell line MDA-MB-231 membrane
rigidity and cytoskeleton were influenced. Optical stretcher measurements were carried
out at constant stage temperature of 23 ◦C.
4.2.3 Migration and Invasion Behavior
In order to study whether the ACC1 inhibitor has a functional impact on cancer cells
potential to metastasize, migration-, invasion- and cell death assays were performed
as described in section 3.6. The measurements were performed in close cooperation
with Dr. Simone Braig, Katharina Stoiber and Prof. Dr. Angelika Vollmar from the
department of pharmacy of the LMU Munich. The breast epithelial cancer cell line
MDA MB-231 and urinary bladder cell line T24 were incubated for 2h with 0.1 µM and
1 µM Soraphen A. For the migration assays Soraphen A incubated cells were detached
from 6-well plates and seeded into uncoated Boyden chamber filters. MDA-MB-231 cells
could migrate towards a 10% FCS + 100 ng ml−1 EGF gradient for 4h and T24 cells
for 16 h, respectively. The present experiments have shown a significant inhibition of
cell migration capacity for both cell lines. The results are presented in fig. 4.7 (a) and
4.7 (b).
For the invasion assays modified Boyden chambers with matrigel coated filters were
used. Soraphen A treated MDA-MB-231 and T24 cells were allowed to invade for 24 h.
As shown in fig. 4.7 (c) and 4.7 (d) Soraphen A significantly inhibits the invasion
capacity of both cell lines. The strongest effect of the ACC1 inhibitor on cell migration
and invasion was measured for cells incubated with 1 µM Soraphen A. Despite the
contrary experimental results of both cell lines in the stretching measurements, Soraphen
A hinders migration and invasion capacity of MDA-MB-231 and T24 cells to a similar
amount. In contrast to migration and invasion, cell death was not significantly affected
by Soraphen A. The results of the propidium iodide exclusion (cell death) assays are
shown in fig. 4.8.
4.2.4 Summary and Discussion
The experimental results prove that Soraphen A, as an ACC1 inhibitor, altered the
relative proportions of the particular membrane lipids towards polyunsaturated lipid
species and a higher chain length. Moreover, the ACC1 inhibitor hinders migration
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Fig. 4.7: Effect of Soraphen A on migration and invasion. Cells were treated with increasing
Soraphen A concentrations for 2 h. Migration of (a) MDA-MB-231 and (b) T24 cells was analyzed by a
Boyden chamber migration assay. To analyze invasion of cells a modified Boyden chamber assay for (c)
MDA-MB-231 and (d) T24 cells was performed. (* p < 0.05, ** p < 0.01, *** p < 0.001) [184]
Fig. 4.8: Influence of Soraphen A on cell death of human epithelial carcinoma cells. Treat-
ment of MDA-MB-231 (a) and T24 (b) cells with Soraphen A for 24 h did not affect cell death.
[184]
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and invasion of malignant cells and changes the biomechanical properties of cellular
membranes. In order to distinguish effects of plasma membrane and cytoskeleton on
biomechanical properties, optical stretcher experiments of whole cells were carried out
in addition to Fourier analyzes of GPMVs. The combination of both methods allow an
interpretation regarding the function of plasma membranes in the context of invasion
and migration.
Mass spectrometric analyzes of the phospholipid content in cancer cells incubated
with Soraphen A indicate a molecular explanation of the altered mechanical properties
resulting in enhanced bending rigidity. The present study shows an increased relative
amount of longer acyl chains in a broad range of membrane lipids after incubation with
the ACC1 inhibitor. The results differ from the publication of Jump et al. demonstrating
an inhibition of fatty acid elongation in epithelial liver carcinoma cells (HepG2) after
incubation with Soraphen A [27]. The contrary findings may result from the different
cell lines used in both studies or base on the individual experimental setup, the modified
treatment times, and Soraphen A concentrations. It was shown in former publications
that a longer fatty acyl chain length results in an increased bending rigidity due to
stronger van der Waals interactions [110]. The phospholipidome of the whole cell,
containing not only phospholipids from the plasma membrane but also from intracellular
locations, was measured. Since alterations in fatty acid synthesis are probably distributed
over all biomembranes in a cell (because of phospholipid remodeling by phospholipases
A2 and lysophospholipid acyltransferases [227]), the presented measurements cannot
exclude that the ACC1 inhibitor impacts the phospholipid composition of intracellular
membranes and as a consequence the migration and invasion behavior. In this investiga-
tion, incubation with Soraphen A resulted in an upregulation of glycerophospholipids
containing a higher degree of desaturation. Although it is reported in the literature that
increased amounts of polyunsaturated fatty acyl chains reduce packing density in the
membrane [4] and therefore weaken their bending modulus κ, this analysis suggests that
the fatty acid acyl chain length might dominate bending rigidity of plasma membranes.
Flicker spectroscopy measurements demonstrate that vesicles of Soraphen A incubated
MDA-MB231 and T24 cells have an increased bending rigidity compared to untreated
ones. The increment may be due to the relative amount of fatty acids shift towards
those with longer acyl chains. As shown in fig. 4.6 (a) and 4.6 (b) the absolute values
of the calculated bending moduli κ are in a similar range as vesicles obtained from
binary and ternary synthetic phospholipid mixtures [17, 228]. In former publications the
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measured membrane rigidities differ strongly depending on phospholipid composition.
For example, κ = 10−19 J was estimated for vesicles composed of dioleoyl-sn-glycero-
3-phosphocholine (DOPC), cholesterol, and SM (70:20:10) and κ = 7× 10−19 J for
vesicles composed of cholesterol and SM (20:80) [17]. The measured rigidity differences
between cancer cell membranes incubated with the ACC1 inhibitor and untreated
control membranes are comparable to effects of cholesterol on several artificial vesicles
reported in literature [17, 229]. Nevertheless, vesicles used in this thesis are giant plasma
membrane vesicles without cortical actin assembly. They consist of many membrane
lipids and polypeptides, whereas most of the analyzed artificial vesicles contain only a
few different phospholipids and their molecular architecture has to be distinguished from
GPMVs. It should be taken into account, that cell membranes in living cells are dynamic
organizing platforms where signal transduction, exo-, and endocytosis constantly appear,
and it was published in literature that those processes may also be influenced by the
biomechanical properties of membranes [230, 231]. During vesiculation the connection
of the plasma membrane with the underlying cytoskeletal network is interrupted [14].
Thus, vesiculation could also inhibit some membrane enzymes and disturb these essential
cellular processes. It cannot be excluded that processes like cell signaling, exo-, and
endocytosis are affected during membrane blebbing and therefore have an impact on
membrane rigidity. However, the analyzed cells were not homogenized during blebbing
and GPMVs are representatives of the plasma membrane [14].
The median creep deformation of whole intact epithelial breast cancer cells (MDA-MB-
231) increased after Soraphen A incubation, whereas the compound did not change the
stiffness of malignant urinary bladder cells (T24). The combination of optical stretcher
measurements on whole cancer cells and Fourier fluctuation analyzes of their thermally
excited GPMVs indicate that bending rigidity only is influenced by Soraphen A. During
stretching experiments cells in the capillary were heated up to 44 ◦C for 2 s in the focus
of the laser trap [232, 233]. Heating up cells in the stretcher setup can induce phase
transitions in cellular membranes and thus alterations in bending rigidity of whole cell
membranes. Although the effect cannot be excluded, this should not have an effect on
the obtained median creep deformation. This can be concluded because the contribution
of bending rigidity to creep deformation response is remarkably lower compared to the
membrane connected intact cytoskeleton in these whole cell measurements. It should be
noted, the presented alterations in mechanical properties between Soraphen A incubated
and untreated cells, may not just depend on phospholipid content. The influence or
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suppression of further cellular processes like exo- and endocytosis cannot be excluded
with the reported optical stretcher measurements.
The reported findings that Soraphen A hinders migration and invasion, measured
with Boyden chamber experiments, support the assumption that bending rigidity κ is
correlated with alterations in migratory capacity. It can be presumed that changing
bending rigidity only, even without influencing median creep deformation of the whole
cell, has an influence on cancer cell motility. In this case, increased bending rigidity
would have the potential to hinder cell migration and invasion.
The reported statement that decreased bending rigidity correlates with increased
migration potential is in agreement with the results concerning primary cells obtained
from human patients presented in section 4.1.1 and 4.1.2. Primary cancer cells contain
increased levels of PC species with shorter fatty acyl chain lengths than their healthy
counterparts, resulting in a lower bending rigidity and thus softer cell membranes. This
suggests the potential reversal of the malignant phenotype with the ACC1 inhibitor by
affecting either bending rigidity or migration.
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5.1 Mimicking the ME-switch
The regulating attachment and detachment cycle of MARCKS to membranes containing
PIP2 is named ME-switch (section 2.4.4) [131]. The ME-switch is driven by a dynamic
interplay between phosphorylation and dephosphorylation and it plays an important
role in cellular migration, cancer progression and signaling [32, 40, 59]. The cycle
constitutes a RDS that allows studying the impact of pattern formation on those
processes. Temporal patterns are fascinating phenomena of biological systems, as they
are assigned to regulate associated processes [37]. Langmuir trough technique and
fluorescence microscopy provide an experimental access to two parts of the ME-switch
on a mesoscopic scale. In section 5.1.1 the effect of MARCKS (151-175) on mixed
DPPC/PIP2 monolayers was analyzed concerning their isotherms and pattern formation.
In the experiments DPPC was chosen as matrix for negative charged PIP2 molecules,
because DPPC features a phase coexistence of LE and LC phases comparable to lateral
heterogeneities in plasma membranes [234]. Further, numerous adequate reference data
are available for DPPC monolayer [84, 235]. The MARCKS ED, which is responsible for
the electrostatic interaction with PIP2 [57, 153], substitutes MARCKS in the following
experiments. Based on the obtained results and indications in literature [125, 134]
showing that PIP2 accumulates in the LE phase of membranes, the lateral distribution
of the charged lipid in the mixed monolayer was investigated in section 5.1.2. In section
5.1.3 the dynamic binding of the peptide to PIP2 containing membranes is studied and an
experimental insight into the first part of the ME-switch is provided. In section 5.1.4 the
phosphorylation/dephosphorylation cycle is mimicked by an excess of unphosphorylated
MARCKS in the Langmuir trough and by an injection of PKC into the subphase. The
presented studies in section 5.1 were published in [157] and [132].
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Fig. 5.1: Behavior of mixed DPPC/PIP2 monolayers. (a) Lateral pressure - area isotherms
of DPPC/PIP2/Rhodamine (9:1:0.1) mixtures with and without 25 nM MARCKS (151-175) in the
subphase. The left fluorescence micrograph shows a DPPC/PIP2 monolayer on a subphase without
MARCKS while the right one presents the monolayer on top of a MARCKS containing subphase. (π =
15mN m−1, T = 22 ◦C) [133] (b) DPPC/unlabeled PIP2/Rhodamine DHPE (9:1:0.1) mixture and (c)
DPPC/unlabeled PIP2/BODIPY labeled PIP2 (9:1:0.1) mixture, both on the buffer solution described
in section 3.7.3 and at π = 10mN m−1, T = 22 ◦C. The gamma setting has been adjusted. [132]
5.1.1 DPPC/PIP2 monolayers at the presence of MARCKS
First, the impact of MARCKS (151-175) (hereinafter referred to as MARCKS) on the
phase behavior and the lateral organization of monolayers containing 90mol% DPPC
and 10mol% PIP2 were investigated.
Prior to an experiment the lipid mixture was spread on a subphase in a Langmuir
trough as described in section 3.7. The subphase contained 100mM NaCl, 10mM
HEPES, 1mM CaCl2 and 5mM ATP. The isotherms for DPPC/PIP2 monolayers on
subphase with and without 25nM MARCKS are shown in fig. 5.1 (a). The isotherm
of the mixed monolayer on MARCKS containing subphase exhibits an increase of the
mean area per molecule (∆A = (4± 1)Å2) compared to the isotherm performed on a
subphase without the peptide. Control experiments showed the effect independently
from the presence of ATP and CaCl2 (substituted with 0.1mM EDTA). Further, an
increase of the mean area per molecule in pure DPPC isotherms without PIP2 was not
detectable.
In addition to the isotherms, the effect of MARCKS on the monolayer was investigated
via fluorescence microscopy. The fluorescence images in fig. 5.1 (a) show a phase
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separation in LC and dye rich LE phases (π = 15mN m−1, 22 ◦C). Large parts of the
membrane are in a densely packed (dark) state in coexistence with disordered (bright)
regions. The coexistence of both phases was visualized with 1mol% Rhodamine. Larger
LC domains and distances between them were observed in monolayers prepared on
subphases with MARCKS compared to monolayers on subphases without the peptide.
5.1.2 Lateral organization of PIP2 in DPPC/PIP2 monolayers
The accumulation of negatively charged lipids in the LE phase of membranes has been
concluded due to their repulsive electrostatic interactions [125, 134]. It was assumed
that the integration of PIP2 into a DPPC matrix induces a phase separation in a LC
DPPC rich phase and a LE PIP2 rich phase [133]. The present analyses validate these
experimental observations by means of fluorescence microscopy.
In the following experiments mixed DPPC/PIP2 monolayers above the main phase
transition between LE and LC phase were prepared using Langmuir trough technique.
Here, DPPC acts as matrix for the PIP2 molecules. In order to analyze the lateral
distribution of PIP2 in biomembranes, the experiments were carried out with BODYPI
labeled PIP2. The phase separation was studied with monolayers composed of 90mol%
DPPC, 10mol% PIP2 and 1mol% BODIPY labeled PIP2. Moreover, control experiments
containing 90mol% DPPC, 10mol% PIP2 and 1mol% Rhodamine were performed. As
introduced in section 2.2.3 Rhodamine accumulates in the LE phase of a monolayer and
thus visualizes its phase separation.
The lipid mixture was prepared and spread on the subphase (100mM NaCl, 10mM
HEPES and 0.1mM EDTA). After the solvent had evaporated the lipids were com-
pressed with Langmuir trough technique and with a barrier speed of approximately
2Å2 /(molecule min) to (10.0± 0.5)mN m−1. At 10mN m−1 the monolayer shows a
phase coexistence and domains are well distinguishable. Fig. 5.1 (b) and 5.1 (c) present
fluorescence images of DPPC/PIP2 monolayers (10mN m−1, 22 ◦C).
It has been assumed that fig. 5.1 (b) exhibits a phase separation into a DPPC rich
LC phase and a PIP2 rich LE phase. Fig. 5.1 (c) demonstrates a fluorescence image
showing BODIPY labeled PIP2 within a DPPC matrix. The micrograph visualizes an
enrichment of PIP2 molecules (bright areas) outside condensed dark domains. Based
on similarities in size and form between the domains in both figures it is concluded
that the black areas in fig. 5.1 (c) correspond to the ordered phase of fig. 5.1 (b).
The obtained result suggests that PIP2 molecules are concentrated in the LE phase
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of a lipid membrane and supports the preconditions of the model described in [132].
Control experiments containing CaCl2 and ATP instead of EDTA showed no significant
alterations compared to the results shown above.
5.1.3 Translocation of MARCKS
In order to find an experimental access to the first part of the regulating binding
and unbinding cycle of MARCKS Langmuir monolayer experiments without PKC
were performed in different modifications. In the presented experiments the dynamic
accumulation of the peptide to PIP2 containing membranes was studied via lateral
pressure measurements and fluorescence microscopy.
First, a DPPC/PIP2 (9:1) mixture was spread on a subphase containing 100mM
NaCl, 10mM HEPES, 1mM CaCl2, 5mM ATP and 25nM MARCKS (151-175). At
the beginning of the experiment, a homogeneous distribution of MARCKS in the
subphase can be assumed, because of its good solubility in water. Afterwards, the lipid
mixture was compressed with a barrier speed of approximately 2Å2 /(molecule min) to
(10.0± 0.5)mN m−1. Here, the monolayer is above the main phase transition between
LE and LC phase but remnants of LE phase are preserved [63]. After the target pressure
was reached, the barriers were stopped and held in constant position. The film balance
allowed continuous monitoring of the monolayers’ lateral pressure. The experiment was
also performed without MARCKS in the subphase. In this experiment, the mixed lipid
solution was also compressed to (10.0± 0.5)mN m−1 and the monolayer could relax for
1h. After relaxation, 25nM MARCKS were injected to the subphase with a Hamilton
syringe. Both variants of the experiment showed a monotonic increase of the lateral
pressure (∆π = (4.0± 1.5)mN m−1) over several hours. After (4.0± 1.5) h the lateral
pressure remained constant and only weak fluctuations were observed. The result is
shown in fig. 5.2 (a).
A third modification of the experiment was designed to exclude a dependency of
the measured pressure increase on the lateral organization of the monolayer. The lipid
mixture was directly spread on the subphase supplemented with 25nM MARCKS at the
initial pressure of (18± 1)mN m−1. As presented in fig. 5.2 (b) a monotonic increase of
the lateral pressure was observed immediately after spreading. Control experiments with
pure DPPC monolayers and at bare subphase/air interfaces did not show an increase of
the lateral pressure (see fig. A.2 (b)).
Experiments without CaCl2 (substituted with 0.1mM EDTA) showed a slightly larger
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Fig. 5.2: Increase of lateral pressure due to the interaction between MARCKS and
DPPC/PIP2 monolayers. (a) Increase of lateral pressure in a compressed DPPC/PIP2/Rhodamine
DHPE (9:1:0.1) monolayer due to attachment of 25nM MARCKS (151-175). The fluorescence micro-
graph on the left shows the monolayer without the peptide and on the right after MARCKS (151-175)
attachment. (T = 22 ◦C) (b) Increase of lateral pressure in DPPC/PIP2 (9:1) monolayers directly spread
on a MARCKS containing subphase (of different composition) at the initial pressure of 18mN m−1 (T
= 22 ◦C). [236]
increase of the pressure compared to the results described above. This might be due to
an electrostatic shielding effect of the ions on PIP2 and the ED leading to a reduction of
the attachment rate of MARCKS to the membrane. For MARCKS concentrations above
25nM, the final lateral pressure of the monolayer as well as the time necessary to reach
the constant pressure did not significantly alter. Tested were 50nM and 100 nM. For
lower concentrations none or only a small increase of the lateral pressure was observed.
Experiments with physiological concentrations of PIP2 (≈ 1mol%) in a DPPC matrix
did not show any effect.
As shown in section 5.1.1 the interaction between MARCKS and DPPC/PIP2 mono-
layers impacts the structure of the membrane. The monolayers show DPPC domains
embedded in LE PIP2 rich phase. The coexistence of both phases was visualized with
1mol% Rhodamine DHPE. Different sizes of the LC lipid domains were observed
via fluorescence microscopy depending on the manner of preparation. LC domains in
slowly compressed monolayers are larger and have well defined contours in contrast to
monolayers directly spread at the target pressure. As demonstrated in the fluorescence
micrographs (fig. 5.2 (a)) the lateral organization of the membrane depends on the
presence of MARCKS and continuously alters with the increasing lateral pressure. Dur-
ing the pressure increase the proportion of LE area increases by (18± 5)%. After the
pressure remains constant the proportion between LE and LC phase stabilizes.
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5.1.4 Phosphorylation of MARCKS by PKC
In the last section the first part of the ME-switch, the accumulation of MARCKS
to a PIP2 containing membrane, was studied. In the present paragraph, experi-
ments with PKC were performed to analyze the second part of the phosphoryla-
tion/dephosphorylation cycle (see section 2.4.4).
A DPPC/PIP2 (9:1) mixture was spread on a subphase containing 100mM NaCl,
10mM HEPES, 1mM CaCl2, 5mM ATP and 100nM MARCKS (151-175). The higher
amount of MARCKS compared to the experiments described above acted as reservoir of
unphosphorylated peptide in the subphase. CaCl2 served as activator for the enzyme
PKC. As described in the last section, the lipid solution was compressed with Langmuir
trough technique to (10.0± 0.5)mN m−1. After compression, the barriers were held in
constant position and a monotonous increase of the lateral pressure could be observed
(compareable to fig. 5.2). After the lateral pressure remained constant, 4 µM PKC were
injected to the subphase through a port in the Langmuir trough. Oscillation with a
characteristic period of (3± 1)h were observed (fig. 5.3 (a), blue and green curves).
The experiment was further designed in different modifications. First, the lipid
mixture was directly spread on the subphase supplemented with 100nM MARCKS
at the initial pressure of (18± 1)mN m−1. Second, the lipid mixture was compressed
on the subphase without peptide and 100nM MARCKS were injected after a target
pressure was reached. A monotonic increase of the lateral pressure was observed again
in both experiments until it remained constant. In both modifications 4 µM PKC were
injected to the subphase and the oscillations could be reproduced. The red curve in
fig. 5.3 (a) shows oscillations in the directly spread monolayer and fig. 5.3 (b) in
the compressed membrane. The pressure oscillations were observed at two different
initial lateral pressures. The reproducibility of the measured oscillations under different
initial conditions shows a robust effect. After a maximum of 3 periods the oscillations
disappeared. Significant alterations in the ratio between LC and LE phase could not
be detected during oscillations in lateral monolayer pressure. Reference measurements
without ATP in the subphase did not show oscillations (see fig. A.2 (a)).
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Fig. 5.3: Oscillations in lateral pressure. (a) Three different experiments showing oscillations in
lateral pressure in the DPPC/PIP2 (9:1) monolayer after introduction of PKC. The red curve shows
a monolayer spread on an initial pressure of 18mN m−1. The green and the blue curves show two
experiments with monolayers compressed to 9mN m−1. [157] (b) Pressure oscillations in a DPPC/PIP2
(9:1) monolayer compressed to 18mN m−1.
5.1.5 Summary and Discussion
An experimental access to the ME-switch in vivo and the realization of well controlled
setups are difficult. Therefore, a reduced model system was developed in the present
thesis. The cell membrane, the cytoplasm, and MARCKS proteins in vivo were replaced
by a mixed DPPC/PIP2 monolayer, a subphase, and MARCKS ED in vitro, respectively.
Two important steps of the cycle were chosen – the binding of MARCKS to the interface
of the membrane and its phosphorylation. The third part of the ME-switch, the
phosphatases mediated dephosphorylation, was replaced by a reservoir of MARCKS
(151-175) in the subphase.
Film balance measurements showed a monotonic increase of the lateral pressure
in DPPC/PIP2 monolayers on top of MARCKS containing subphases. During the
experiments the monolayer was in a phase coexistence between LE and LC phase. At
this time, no PKC was present in the system. After several hours the lateral pressure
remained constant. It can be assumed that MARCKS peptides diffuse to the monolayers’
interface [237] and the positively charged residues of the MARCKS ED interact via
electrostatic forces with the negative charged membrane lipids PIP2. Further, the
aromatic Phe resiudes of MARCKS penetrate in the membrane [59, 133]. Membrane
bound MARCKS sequester PIP2 and form clusters of MARCKS/PIP2 complexes [125,
237, 238]. The attachment of the peptides to the membrane explains the observed
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increase of the lateral pressure. The increment should end if the membrane is saturated
with the peptides. The obtained measurements suggest that 25 nM MARCKS defines the
saturation concentration of the monolayer since higher amounts did not yield a visibly
higher pressure increment. It can further be concluded that the lateral pressure increases
with the concentration of MARCKS bound to the membrane. Contrary to the results, a
faster accumulation should be expected with higher MARCKS concentrations because
the attachment process is slow and dominated by a diffusion-limited accumulation of
MARCKS to the monolayer [239]. The time scale of several hours can be explained
with the diffusion time through the Langmuir trough (∆x = 5mm, DM = 215 µm2 s−1
[132]). The interpretations are supported by whole isotherms of DPPC/PIP2 monolayers.
Isotherms on MARCKS containing subphases showed an increase of the mean area per
molecule compared to the isotherms performed on subphases without peptides. The
results suggest that the observed additional area requirement is caused by the insertion
Phe resiudes into the mixed monolayer.
After the lateral pressure remained constant, PKC was supplemented to the subphase
and pressure oscillations with a characteristic period were observed. The experimental
results allow the conclusion that the unbinding dynamics modulated by PKC yields
the measured oscillations of the monolayer. PKC phosphorylates the membrane bound
MARCKS and reverses the membrane binding of the peptides. Phosphate groups
from ATP compensate the electrostatic binding between MARCKS and PIP2. The
phosphorylated MARCKS detach from the membrane and diffuse back in the subphase.
This explains the measured decrease of the lateral pressure. Non-sequestered PIP2
molecules enhance the translocation of PKC and are again available for the interaction
with new unphosphorylated MARCKS. Hereby, the reservoir of MARCKS in the
subphase constitutes the source of unphosphorylated peptides which can accumulate
again to the membrane and form new MARCKS/PIP2 complexes. Therefore, the lateral
pressure increases again. The disappearance of the oscillation can be explained with
the consumption of ATP. The results indicate that the observed pressure oscillations
correlate with oscillations in the concentration of membrane bound MARCKS.
In addition to the film balance measurements the lateral organization of the DPPC/PIP2
membrane during the ME-switch was studied via fluorescence microscopy. Here, the
coexistence of DPPC rich LC phase and PIP2 rich LE phase was visualized with Rho-
damine and BODIPY labeled PIP2. During the measured pressure increase, presumably
induced by the accumulation of MARCKS to the membrane, the relative proportion
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of LE phase and the distances between LC domains increase. After the saturation
pressure was reached the proportion between both phases stabilized. In line with former
publications [133, 237, 238], the observed increase of LE phase and the larger distances
between the LC domains indicate a formation of MARCKS/PIP2 complexes in the LE
phase of the monolayer. Based on the enrichment of PIP2 in the LE phase and fact
that PKC needs PIP2 for activation it can be assumed that the membrane structure is
important for the observed oscillations.
All experiments were carried out at lateral monolayer pressures less than physiologically
relevant 30mN m−1 [240]. Nevertheless, the observed monolayers showed a coexistence of
LC phase (dark) and LE regions (bright) – comparable to cell membranes. Fluorescence
observations at physiologically relevant pressures were not possible because the dye was
expelled from the layer at the end of the phase coexistence [241].
The peptide induced increase of the lateral monolayer pressure, the increment of the
mean area per molecule observed in isotherms and the impact of MARCKS to the lateral
organization of the domains demonstrate the interaction between the DPPC/PIP2 model
membrane and MARCKS on a mesoscopic scale. The presented in vitro experiments
show temporal patter formation during the ME-switch in terms of a low frequency
density oscillation at the membrane.
5.2 Dynamic Membrane Structure Induces
Temporal Pattern Formation
Investigating temporal pattern formation in living organisms is crucial for the under-
standing of regulatory processes and the functionality of biological systems. For example,
calcium oscillations in the cytosol are important for gene expression [37, 38]. As the
experimental access to complex regulatory processes at cellular membranes is difficult, it
motivates simulations. Based on the lateral pressure measurements and the observations
shown in the last paragraph, as well as the preliminary work of John et al. [40] the
regulating binding and unbinding cycle of MARCKS to cellular membranes is described
by a mathematical model in sections 5.2.1 and 5.2.2. Reaction-diffusion equations
are solved numerically applying the finite difference method in section 5.2.3. Phase
diagrams characterizing the interaction between MARCKS and PKC are generated and
extended to open systems in section 5.2.4. The presented studies were performed in
close cooperation with Jürgen Lippoldt and were published in [132].
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Fig. 5.4: Mechanism of the oscillation. (a) Illustration of the membrane structure during the
different phases of the ME-switch. The bright areas symbolize the LE phase and the dark domains
the LC phase. The green dots indicate MARCKS molecules while the red dots stand for PKC. First,
a low amount of MARCKS is bound to the monolayer and thus the amount of LE phase is low (top,
left). During MARCKS attachment the relative proportion of LE phase increases (top, right). A
higher amount of LE phase enhances the accumulation of MARCKS and PKC. PKC phosphorylates
membrane bound MARCKS and reverses the binding of the peptides (bottom, right). The decreased
amount of MARCKS yields a reduction of the LE phase which in turn decreases the proportion of
monolayer associated PKC, due to an attachment–detachment equilibrium (bottom, left). (b) Simulated
oscillation within an open system containing the amount of membrane bound MARCKS m(t) (green),
PKC p(t) (red) and the membrane status θ (blue). The amount of protein was normalized to the
amount needed to completely cover the monolayer (0 < m < 1). [132]
5.2.1 Mechanism of the Oscillation
Temporal pattern formation during the ME-switch is based on an activator–inhibitor
system driven by an altering membrane structure. The binding of MARCKS on the
monolayer impacts the structure of the membrane which feeds back to the attachment
rates of MARCKS. In the observed system the attachment rate of MARCKS is less
dependent on the membrane structure than the rate of PKC. Due to an altered membrane
structure, the presence of MARCKS at the monolayer enhances PKC accumulation.
PKC phosphorylates the membrane bound MARCKS which detach from the monolayer
and diffuse back in the subphase. This forms an activator-inhibitor system which is
a typical example of pattern forming systems [156]. After MARCKS attachment, the
monolayer needs a certain time to restructure. This provides the time delay, necessary
for an oscillation. The membrane structure and amount of membrane bound proteins
during the different parts of the ME-switch are illustrated in fig. 5.4 (a). Fig. 5.4 (b)
shows the time evolution of these properties.
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5.2.2 Modeling the ME-switch
In the presented model only the vertical dimension of the system is taken into account
and the horizontal expansion is neglected. Spatial details of the attachment-detachment
cycle of MARCKS to the membrane were neglected due to a large monolayer area and
the dependence of the measured lateral pressure on the whole membrane. For that reason
the model can be restricted to a one-dimensional profile (z-coordinate) perpendicular to
the membrane. The vertical dimension of the system (0 < z < L) consists of a passive
subphase (l < z < L) and a thin layer near the membrane (0 < z ≤ l) where binding
events are possible. L is the vertical size of the system (depth of the Langmuir trough)
and l the size of the narrow layer. In the subphase only diffusion of the chemical
participants MARCKS M , PKC P and phosphorylated MARCKS MP occurs. M ,
P and MP denote spatial averaged concentrations in the subphase, respectively. A
MARCKS molecule can attach to the membrane during a time frame ∆t, when it is
previously in (0 < z ≤ l). The layer helps to discretize the system for a correct use of
a finite difference algorithm. A small enough mesh size l was chosen so that a further
reduction has no effect. The structure of the monolayer is important for its ability
to bind proteins. This is taken into account with the variable θ (0 ≤ θ ≤ 1). θ = 0
corresponds to a low amount of LE phase while θ = 1 characterizes the opposite. The
following set of equations describes the system within the thin layer near the membrane
(0 < z ≤ l):
∂tM (z, t) = DM∂2zM (z, t)−RM (5.1)
∂tP (z, t) = DP∂2zP (z, t)−RP (5.2)
∂tMP (z, t) = DMP ∂2zMP (z, t)−RMP . (5.3)
DM and DP denote the diffusion coefficients of MARCKS and PKC. Ri correspond to
nonlinear reaction terms. They are zero in the passive subphase. The time-evolution of
membrane bound MARCKS and PKC can be expressed as:
∂tm (t) = RM (t)−RMP (t) (5.4)
∂tp (t) = RP (t) . (5.5)
m and p are the amounts of membrane bound MARCKS and acPKC, respectively. In
a closed system, such as discussed in section 5.1, the total amounts of MARCKS and
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P (z, t) dz + p (t) . (5.7)
In order to describe the nonlinear reaction terms, first order kinetic is assumed to
characterize the membrane binding of MARCKS as well as the detachment of MARCKS
and PKC from the membrane [59, 239].
Further, a positive cooperative kinetics (Hill coefficient, n = 4 [242]) is applied to
model the accumulation of PKC. The membrane binding of MARCKS and PKC is
described with respect to the membrane status θ. The phosphorylation of MARCKS
occurs with a Hill coefficient of n = 3 [243]. This leads to the following reaction terms:









k+ and k− are the attachment and detachment rates, respectively. K2 is the microscopic
dissociation constant specifying at which value of θ the attachment rate of PKC is the
half of its maximum. S0 is the amount of membrane attached MARCKS for half-maximal
PKC activity.
As shown is section 5.1 the MARCKS/PIP2 complex formation occurs mainly in
the LE phase of the membrane. The accumulation of MARCKS increases the relative
proportion of LE phase which in turn impacts the attachment rate of the proteins. In
order to describe this dependency a phenomenological equation is used. It is assumed
that the relative amount of LE phase ALE enters the monolayer status in a square root
[132, 244] and linearly increases to m. kθ represents the time necessary for the membrane
to adapt to the MARCKS accumulation and to reorganize:





M0 and P0 were chosen based on the experimental parameters. DM and DP were
calculated with eqn. 2.16. The hydrodynamic radius of PKC was obtained from the
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M0=3 DM=215 µm2 s−1 k+m=0.259 s−1 k−m=0.003 s−1 K2=1.7
P0=0.02 DP=51 µm2 s−1 k+p =0.127 s−1 k−p =0.000 84 s−1 S0=0.015
xgrid=10m tgrid=0.025 s kθ=0.0007 s−1 vmax=5.33 s−1
Fig. 5.5: Values of the used parameters describing the ME-switch
product data sheet. An approximation for rod-shaped molecules such as MARCKS is
given in [245]. The length of the cylinder was calculated by the average radius of the
residues. The diffusion limited [57, 246] maximal values of k+ are dependent on the
grid sizes of the finite difference method and they were estimated with a self written
Mathematica algorithm. Robin boundery conditions were applied and the values were
averaged over time and initial distance to the membrane [247]. k+ was approximated by
the proportion of reactants reaching the monolayer by diffusion out of the closest grid
box in a given time frame (time in which 3σ-environment of the closest point outside the
first box reaches the monolayer). The values of k− have been published in literature for
1mol% PIP2 [239, 246]. It can be assumed that the k− values describing the underlying
experiment (cPIP=10mol%) are lower and they were therefore adjusted to reproduce the
experimental results. Because suitable values for K2, kθ and S0 could not be found in
literature they were also adapted. S0 published in [248] would have been too high due to
the MARCKS enrichment in the LE phase presented in section 5.1. vmax was obtained
from [248] and converted into internal units. An overview of the used parameters is
given in table 5.5.
5.2.3 Time Evolution
First, a closed system with initial conditions far from equilibrium was considered. After
sufficiently long time the system approaches an equilibrium. The simulation shows
a monotonic increase of the amount of membrane bound MARCKS. This implies an
increase of the lateral monolayer pressure. During this increase, no PKC was present in
the system. After several hours the amount remained constant due to an equilibrium
between binding and unbinding of MARCKS. The saturation level is dependent on the
concentration of MARCKS in the subphase and the membrane status. The time scale
of several hours is caused by the long diffusion time of the peptide through the trough
and by an increase of the membrane status θ over time. An alteration of the membrane
structure during MARCKS accumulation explains the increase of the attachment rate.
The developed model describes the experimental observations presented in section 5.1
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Fig. 5.6: Time evolution of the membrane bound variables. Time dependence of the amount
of membrane bound MARCKS m (t) with different PKC injection times. PKC was injected at (a)
m = 0.2 and at (b) m = 0.65. As observed in the experiments, the amount of membrane bound
MARCKS increases. Similar to the underlying experiments PKC was added to the system after some
time in which MARCKS could attach to the membrane. After PKC was supplemented, oscillations
with a characteristic period occur. The internal units represent the proportion of bound PIP2 by the
respective protein. (c) Time evolution of the membrane associated variables in a single simulation of
the closed system. The amount of membrane bound MARCKS m (t) (blue), membrane bound PKC
p (t) (red), and the membrane status θ (t) (green) are shown. [132]
well. Moreover, it was found that the simulated damped oscillations are not long term
affected by the injection point of PKC. The time dependence of the amount of membrane
bound MARCKS with different PKC injection times is shown in fig. 5.6 (a) and (b).
As demonstrated in fig. 5.6 (c), the damped oscillations of the membrane associated
variables have a period of about three hours similar to the experiments. The variables
are also phase shifted. The time necessary for the membrane to adapt to the MARCKS
accumulation explains the shifted membrane status. The increasing membrane status
yields an upregulation of membrane attached PKC and induces a further phase shift
to later times. The increase of membrane attached PKC yields a downregulation of
membrane attached MARCKS triggering a decrease of the membrane status. A lower
membrane status leads to a downregulation of membrane attached PKC which increases
the attachment rate of MARCKS and the cycle starts again. Damped oscillations were
observed because unphosphorylated MARCKS cannot bind to the membrane again.
Caused by phosphorylation, the concentration of unphosphorylated MARCKS near the
membrane is up to eight times lower compared to the concentration in the trough. Con-
centration gradients of PKC in the subphase are small compared to those of MARCKS
(≈4%). This is due to the slow alteration rates in contrast to the diffusive times. P (z, t)
has maxima and minima corresponding to the oscillation of bound PKC.
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5.2.4 Phase Diagrams and Open Systems
The phase diagram in fig. 5.7 (a) shows the number of oscillatory periods in dependence
of the total amount of MARCKS and PKC in the system. This number characterizes
the intensity of the oscillatory effect. Oscillations are only developing at certain relations
between MARCKS and PKC. If M0 in the system is too high, the thermal detachment
rate of MARCKS dominates the phosphorylation rate and the effect of PKC disappears.
This yields a slow upregulation of the detachment rate, a slow phosphorylation and
thus a slow downregulation of the saturation level. If M0 in the system is too low,
the MARCKS accumulation is dominated by the phosphorylation rate even for small
amounts of PKC. This prevents an increase ofm. A high amount of PKC phosphorylates
more MARCKS in the same time and can yield an over-damped oscillation due to an
increase of the damping constant.
The phase diagrams in fig. 5.7 (b) and (c) illustrate the oscillation period T and the
damping constant δ in dependence of M0 and P0. The oscillation period is governed by
the amount of PKC while the amount of MARCKS plays a minor role. The periodic
time decreases when P0 and M0 increase. It can be assumed that the shift to higher
oscillation periods at the lower boundary of the phase diagram is an artifact which can
be explained by an increased periodic time at the end of an oscillation. At this point
the amplitudes are small and the variables alter slowly. The damping constant increases
with increasing P0 because more MARCKS is phosphorylated in the presence of a higher
P0. For a calculation of the damping constant with less errors more parameters than
available are necessary. Therefore, further interpretations should be treated with care.
The influence of the critical parameters kθ, K2 and S0 is shown in fig. A.3.
On the contrary to the mimicked system described in section 5.1 living cells are open
systems. In cells a dephosphorylation mediated by phosphatases allows MARCKS to
accumulate again at the membrane. In the present simulation an simplification of cellular
processes was used assuming constant reactant concentrations in the subphase. Thus,
only interactions between the membrane and (0 < z ≤ l) are considered. This layer has
a steady amount of MARCKS and PKC corresponding to M0 and P0 in the subphase.
The steady supply of new substances can yield undamped oscillations in the system.
The approximation neglects diffusion and allows studying its impact on the RDS.
The phase diagrams in fig. 5.8 illustrate the number of peaks, the oscillation period
and the damping constant in dependence of M0 and P0. In analogy to the closed system
described above oscillations arise only at certain relations between the reactants. But
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Fig. 5.7: Phase diagrams of the closed system under certain initial conditions. P0 is the
total amount of PKC in the internal units of the model, while M0 is the total amount of MARCKS
in the same units. The axes are logarithmic. The color code represents (a) the number of oscillatory
peaks, (b) the periodic time and (c) the damping constant. [132]
Fig. 5.8: Phase diagrams of the open system under certain initial conditions. P0 is the total
amount of PKC in the internal units of the model, while M0 is the total amount of MARCKS in the
same units. The axes are logarithmic. The color code represents (a) the number of oscillatory peaks,
(b) the periodic time and (c) the damping constant. [132]
on the contrary, the oscillation period decreases toward the center of the oscillatory
region. For the closed system the number of periods was interpreted as intensity of the
oscillatory effect. In an open system undamped oscillations are possible and the number
of peaks per time depends on the oscillation period.
Small amounts of M0 and high amounts of P0 enhance the damping. However, an
area in the phase space characterized by the opposite behavior can be observed. The
system carries out an undamped oscillation (δ ≈ 0) above a certain amount of M0.
5.2.5 Summary and Discussion
The formation of spatio-temporal patterns in biological systems have gained growing
interest in the recent decades. In this field scientists have mostly focused on Turing
patterns [35, 156] and RDS [36, 143, 249] while possible different mechanisms or purely
temporal patterns have received less attention.
In the present thesis, a novel mathematical model with an alternative mechanism of
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temporal pattern formation in biological systems is introduced. The model describes
the ME-switch based on experimentally measured pressure oscillations in Langmuir
monolayers and predicts realistic parameters at which the oscillatory behavior occurs.
Developed phase diagrams describe the oscillatory behavior depending on the parameters,
respectively. They provide a basis for further experiments concerning the ME-switch.
An extension to open systems was performed to achieve the model for biological systems.
The simulation of an open system demonstrates oscillations independent of diffusion. In
the open system, the diffusion terms from eqn. 5.1 to 5.3 only act as modulating terms
and it can be concluded that the measured oscillations are not driven by a classical RDS.
It is assumed that the temporal pattern formation is caused by an interaction between
membrane structure and protein attachment to the membrane. The reported temporal
pattern formation can be interpreted as global density oscillation, caused by alterations
of the membrane status, depending on the concentration of bound MARCKS and PKC.
Based on the changed membrane structure an activator-inhibitor system is formed. It
is crucial that the attachment rates are dependent on the membrane status and one
participant acts as activator and one as inhibitor. The dependency of the activator on
the membrane status has to be lower than the dependency of the inhibitor. In contrast
to pattern formation originated by RDS, the presented mechanism has no inherent time
and length scales. The mechanism yields homogeneous, temporal density oscillations,
rather than spatial pattern formation. This means that the occurrence of oscillations is
independent of the system size and in principle applicable to cells. The integral feature
of the experimentally measured quantity (lateral pressure), characterizing the whole
membrane, supports the interpretation of global density oscillation of the reactants.
Nevertheless, the ME-switch can also lead to pattern formation, originated by a RDS
[40].
Biologically relevant systems, like cells differ from the simulated experimental condi-
tions. Physiological concentrations of PIP2 should lead to higher detachment rates. It
can also be assumed that the reorganization velocity in living membranes is significantly
higher because inhomogeneities in membranes are not only based on two coexisting
lipid domains. In agreement with [135], both factors may reduce the periodic time of
the oscillation down to minutes. However, the association of PIP2 with one of these
domain types in vivo is speculative but it was reported that raft formations realize a
spacial and temporal organization of PIP2 [34, 127]. It should be taken into account that
MARCKS is not only regulated by PKC. Ca2+ activated CaM can bind to MARCKS
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and detach the protein from the membrane [32]. This process is most likely independent
from the membrane structure unlike the modeled system, because CaM does not need an
activation through lipids. It is conceivable that the amount of Ca2+ and CaM impacts
the observed pattern formation or yields coupled oscillations.
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The first part of the present thesis which comprises the combination of primary samples
along with biophysical methods to analyze the bending rigidity of cellular membranes,
offers a novel perspective in cancer research. For the first time membrane rigidity studies
of GPMVs obtained from clinical samples were carried out and these investigations
demonstrate a correlation between malignancy and biomechanical properties. To sum
up, a significantly decreased bending rigidity in malignant primary human breast and
cervical cell membranes was measured. It was also observed that the membranes of the
malignant cell line were softer than the ones of the non-malignant cell line. Moreover,
MALDI-TOF mass spectra showed a decreased relative amount of lipid raft associated
SM 16:0 and a higher relative amount of PC species with shorter fatty acyl chains in
primary cancer cells. Both findings provide a molecular explanation for the cell membrane
softening in primary human cancer cell membranes. Cell membrane softening could
be a major benefit for cancer propagation and invasion when a tumor cell "squeezes"
towards a vascular wall. It could further be a crucial pre-condition for alternative
amoeboid modes of cell motility like blebbing motion [221] that is strongly connected
to pathological mutations such as cancer [222, 223]. Cell membrane softening may
enable cancer cell migration through the extracellular matrix or connective tissue [224].
The down-regulation of the raft associated SM 16:0 should impact cell signaling which
might have a fundamental role in cancer progression. The presented study can further
yield a better comprehension of other non-neoplastic diseases such as cardiovascular
problems and diseases associated to abnormalities of the fatty acid metabolism in which
alterations of phospholipid content are essential.
The second part addresses the key role of bending rigidity in migratory and invasive
processes, even with unaffected creep deformation response of whole cells, and it is
suggested that bending rigidity is more closely connected to cancer progression than
previously expected [10]. Consequently, modulating membrane properties of cancer cells
can offer new therapeutic perspectives in cell membrane research and potentially in
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cancer biology. In summary, modulating bending rigidity of biological membranes and
creep deformation response of whole cells with the ACC1 inhibitor allowed to investigate
these crucial biomechanical properties for the first time with respect to invasion and
migration. Fourier fluctuation analyzes revealed a significant membrane stiffening of
all investigated Soraphen A treated cancer cells but the chemical compound did not
change the whole cell stiffness of one observed cell line. Bending rigidity measurements
based on Flicker spectroscopy have only been applied to vesicles composed of binary or
ternary lipid mixtures and erythrocytes thus far [16, 113]. In this thesis GPMVs with
a more physiological membrane composition and without cortical actin assembly were
used which allows to draw direct conclusions concerning the membrane biomechanics
of living cells. ESI mass spectrometric measurements showed a potential explanation
for the observed membrane stiffening after Soraphen A incubation. Boyden chamber
experiments suggest that Soraphen A hinders migration and invasion capacity of the
measured cell lines. It can be presumed that changing bending rigidity only, even
without affecting median creep deformation of the whole cell, has an influence on cancer
cell motility. In this case, increased bending rigidity would have the potential to hinder
cell migration and invasion.
The last part of this thesis points to temporal pattern formation using the exam-
ple of the regulating phosphorylation and dephosphorylation cycle of MARCKS – the
ME-switch. A reduced and well controllable model system was developed in which
cell membrane, cytoplasm and MARCKS proteins were replaced by a PIP2 containing
monolayer, a subphase, and MARCKS (151-175), respectively. The combination of
experiments as well as theoretical modeling provided an access to such a complex bio-
logical process. The experimental setup yields periodic changes of the lateral monolayer
pressure on a timescale of several hours. The reported temporal pattern formation can
be interpreted as global density oscillation, caused by alterations of the membrane status,
depending on the concentration of MARCKS and PKC. The measured oscillations were
reproduced by a theoretical model which predicts temporal patterns in dependence of
ME-switch relevant parameters such as the amount of membrane attached MARCKS
and PKC. An extension to open systems demonstrated an alternative mechanism of
temporal pattern formation independent of diffusion. The numerical simulations suggest
that the observed oscillations are driven by an interplay between membrane status
and protein binding to the membrane, rather than by a classical RDS. The altering
membrane structure induces an activating effect of MARCKS and thus an inhibition
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of PKC. The presented results can lead to a better understanding of the fundamental
role of temporal pattern formation in biological systems. They provide a basis for
visualizations and microscopic studies of membrane related temporal pattern forma-
tion. A potential partly dynamic behavior of the ME-switch could change the view
on this process. It could be connected to observed calcium waves [250] and calcium
oscillations [38], which are involved in gene expression [37]. The reported alternative
mechanism of temporal pattern formation is not limited to the ME-switch. It could be
a representative of a family of pattern forming, membrane located, activator–inhibitor
processes. One interesting candidate is gelsolin which regulates the actin cytoskeleton
[251]. Like MARCKS, gelsolin also forms complexes with PIP2 and the presence of the




A: Edge Detection – From Images to Data
The Laplacian-based contour detection algorithm applied in the present thesis is
an adapted version of the algorithm presented in [20, 193]. The outer contour of the
GPMVs was found and traced with a “flood-fill”-like algorithm. The subpixel position
of the contours was calculated and transformed to polar coordinates. The center of the
GPMV was estimated for each single image, by fitting an ellipse to the contour. Next,
the main steps of the program will be introduced: First, the program determines the
average pixel value for each row and column. Second, the weighted mean is estimated for
x- and y-direction. Based on the weighted mean the center of the GPMV is calculated
(fig. A.1 (a)) and the contour data is transformed to polar coordinates (fig. A.1 (b)).
The negative radial derivation is calculated for each pixel and is rated regarding to the
next (fig. A.1 (c)). Furthermore, a “flood-fill”-like algorithm is performed to walk along
edges (fig. A.1 (d)). Based on the obtained contour, subpixel accuracy is gained by
evaluating the radial intensity profile for each angle separately. After determining the
subpixel position for the angles, the “true” center of the GPMV is estimated with an
ellipsoidal fit. In the last step the algorithm proceeds with the following image. The
subpixel contour detection for a single angle is illustrated in fig. A.1 (e).
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Fig. A.1: Edge Detection. (a) Estimation of the objects centre. Average pixel value for each column
and row is illustrated in blue and the weighted mean for x- and y-direction in red. (b) Polar image of
the object. The bottom of the image is located outside the vesicle, while top is located inside the vesicle.
The contour of the vesicle is defined as pixels where the intensity drops from bright to dark (when
going from the inside to the outside). (c) Color coded rating for single pixel. In this representation of
the polar image of the object, red pixel represent points which are very likely to be part of the contour
(intensity drops). (d) Determination of the objects’ contour. Pixels with highest rating are utilized as
initial points (d1). Further points are added to close the edge (d2). Points that do not contain the
edge are removed (d3). The resulting line represents the contour of the object with pixel accuracy. (e)
Subpixel contour detection for a single angle. As shown in the inset, the peak of the negative derivative
can be located with subpixel accuracy by incorporating neighbored pixel values using either a Gaussian
fit or a weighted mean algorithm. [169]
100
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Fig. A.2: Control experiments. (a) Control experiments without ATP in the subphase. Lateral
pressure vs. time plot of a DPPC/PIP2 (9:1) monolayer on a subphase containing 100mM NaCl,
10mM HEPES, 1mM CaCl2, and 100 nM MARCKS (151-175). After the lateral pressure remained
constant (6 h), 4 µM PKC were injected to the subphase. (b) Control experiments with pure DPPC
monolayers (blue) and at bare subphase/air interfaces (red). The subphase contained 100mM NaCl,
10mM HEPES, 1mM CaCl2, 5mM ATP and 25 nM MARCKS (151-175). [252]
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C: Variation of Parameters
The parameters kθ, K2 and S0 describing the model from section 5.2 were analyzed
concerning their impact on the oscillatory behavior. During variation of one parameter
around the used value (table 5.5) the others were hold constant. The result is shown in
fig. A.3.
For variation of kθ, the number of periods remains constant over an order of magnitude.
The upregulation kθ in this magnitude leads to a lower periodic time (≈50%) and a
larger damping constant (factor 0.3). Therfore, kθ has an impact on the oscillatory
behavior, but does not significantly change the oscillation occurrence over a broad range.
S0 has no significant impact on the oscillatory behavior for values below 0.01. During
oscillation the concentration of MARCKS is in a range where the activity of PKC is
saturated leading to a small effect of S0. For higher levels of S0 the PKC activity
decreases under the saturation level near the minima of the oscillation. Thus, an
upregulation of S0 can decrease the number of oscillatory periods. T decreases slightly
while δ increases significantly with the upregulation of S0. The interpretation of T and
δ for high S0 values is limited due to only two peaks occur.
For variation of K2, the number of periods is highly impacted because K2 directly
changes the amount of PKC necessary for the oscillation. An upregulation of K2 yields
an downregulation of membrane bound PKC. Moreover, K2 changes the alteration
rate of the PKC binding rate with respect to the membrane state. For this reason, an
alteration of K2 impacts the behavior of the system, even when it is balanced. An
increase of K2 leads to higher T and to lower δ. This result is in line with the phase
diagrams. The diagrams show that a downregulation of PKC induces higher T and
lower δ.
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Fig. A.3: Variation of Parameters. Modulation of the oscillation observables by variation of row
1: kθ, row 2: K2 and row 3: S0. The left column shows the number of peaks N , the middle column
the periodic time T and the right column the damping constant δ, depending on the change of the
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